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ANNUAL REPORT (2001)
THERAPEUTIC HYPOTHERMIA FOLLOWING TRAUMATIC SPINAL INJURY
ROBERT P. YEZIERSKI, PH.D.
INTRODUCTION

The research carried out during the funding period focused on the varied effects of systemic
hypothermia/hyperthermia alone or in combination with neuroprotective agents on neurological outcome
following SCI. In these studies we evaluated the effects of treatments on morphological and behavioral outcome
measures following traumatic spinal cord injury. The premiss that lowering CNS temperature protects against
the detrimental effects of hypoxia and ischemia evolved in the 1950's. The protective influence of moderate and
severe hypothermia was first demonstrated in experimental models of both spinal and cerebral ischemia (Pontius
et al.,1954,1955; Marshall et al.,1956; Rosomoff, 1954,1959), and its beneficial effects were concluded to be
secondary to the lowering of cerebral metabolic demands. Based on early studies involving brain injury,
hypothermic techniques were modified to provide local cooling to the injured spinal cord. As a result of this
treatment dramatic recovery of neurologic function compared to animals without this treatment was reported.
Based on these findings it was hypothesized that mild changes in cord temperature could affect the extent of
injury occurring after spinal cord trauma. The rationale for this hypothesis centered around the fact that: (1) local
spinal cord cooling has been shown to be beneficial; (2) modest decreases in CNS temperature are effective in
models of cerebral and spinal ischemia; and (3) modest decreases in brain temperature in models of CNS ischemia
protect against processes which have been implicated in the pathophysiology of SCI, e.g. alterations in the blood-
brain barrier, edema formation, production of leukotrienes, and release of neurotoxic substances such as glutamate
and aspartate (Dempsey et al. 1987, Dietrich et al. 1990, Busto et al.,, 1989). Recent findings of the
neuroprotective effects of modest hypothermia in brain ischemia may be applicable to SCI and offer a treatment
protocol with few complications. Indeed, preliminary observations suggest that modest temperature changes, such
as can be produced via systemic hypothermia, can affect the degree of tissue injury following spinal trauma
(Martinez and Green, 1992). The importance of such findings is that systemic hypothermia provides a simple
approach by which the cord can be "cooled" and thus obviates the need for acute surgical intervention. If
effective, modest systemic hypothermia provides an additional therapeutic approach that could be applied to the
clinical treatment of acute SCI. Based on the above discussion it can therefore be concluded that there is sufficient
justification in both the scientific and clinical literature for additional studies related to better defining the optimal
parameters for the hypothermic treatment of the injured spinal cord. The experiments proposed in the original
proposal were aimed at addressing a number of interrelated hypotheses focusing on defining the optimal
hypothermic parameters required to produce neuroprotection and behavioral recovery in the injured spinal cord.
Due to the influence of temperature on a wide range of important homeostatic mechanisms necessary for
maintaining the structural and functional integrity of spinal tissue, it was proposed that increases in systemic or
site of injury temperatures (hyperthermia) will accelerate the injury process and compromise behavioral recovery,
whereas reducing the temperature (hypothermia) will result in neuroprotection and enhanced behavioral recovery.
We also proposed that there is an optimum time (post-injury) when post traumatic hypothermia of injured tissue
produces the greatest benefit and is most effective in reducing behavioral deficits and morphological damage.
Finally, there is also an optimum duration of hypothermic treatment which results in the greatest benefit to
neurologic outcome. Experimental results related to these questions are described below.
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RESEARCH ACCOMPLISHMENTS
STATEMENT OF WORK: FIRST YEAR

During the first year of funding one of the primary goals was to establish a therapeutic relationship between spinal
cord temperature and neurologic outcome following traumatic spinal cord injury (SCI). In the studies carried out
efforts were made to evaluate moderate hypothermia in order to determine if we could achieve neuroprotection
following truamatic SCI. Although local spinal cord cooling had been attempted as a form of treatment in
experimental and human SCI, most studies have focused on temperature shifts in the range of 15-20°C. Because
of the technical difficulties required to achieve these conditions the application of hypothermia as a therapeutic
intervention in SCI has been difficult to implement. Recent experimental data, however, suggests that modest
changes (1-5°C) in central nervous system (CNS) temperature may positively influence outcome following CNS
injury. The specific aim for the first year was, therefore, intended to utilize an established model of contusive
spinal injury, i.e. weight drop, to evaluate the effects of hypothermic treatment on a morphological endpoint
following injury. Since we would like to evaluate the neuroprotective effects of combination therapies, e.g.
hypothermia with pharmacological treatment, we also initiated a study to evaluate the neuroprotective effects of
neurotrophic factors and cytokines.

Experiment 1

Specific Aim: To determine the relationship between systemic and epidural temperatures in uninjured animals.
Core (systemic) and spinal cord (epidural) temperatures were measured in an effort to establish the
interdependence of these temperatures.

Rationale: In order to evaluate the therapeutic benefits of hypothermia in non-invasive treatment protocols it is
important to determine the relationship between systemic and spinal cord temperatures.

Experimental Protocol: Rats were anesthetized, intubated, paralyzed and artificially ventilated. Heart rate and
blood pressure were monitored in all animals throughout the length of the experiment and pO, and pCO,
maintained within normal physiologic limits. Blood gases were evaluated every 30 minutes. Systemic temperature
was measured by a teflon thermocouple probe inserted in the rectum. Epidural temperature was measured with
a teflon thermocouple flexible probe. After a 30 minute control period epidural temperature was lowered by
placing the animal in a plexiglas box with circulating thermal blanket. Systemic temperature was monitored
continuously along with epidural temperature. The goal of this experiment was to determine the relationship
between systemic and epidural temperatures within the range of 32-36°C (systemic temperature).

Results: During these experiments it was found that epidural temperature was slightly higher than rectal
temperature. This was found to be the case when systemic temperature was at normothermic (36°C) levels as well
as when systemic temperature was lowered to hypothermic levels (32 °C). This relationship between epidural and
systemic temperature is important as it provides information helpful to the design of studies where we will be
evaluating specific target temperatures for cord cooling. Knowing the systemic temperature that one needs to
obtain in order to achieve a specific epidural temperature will be necessary in order to evaluate the effects of
different hypothermic conditions on morphological and functional outcomes.
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Experiment 2

Specific Aim: The objective of this experiment was to study the effects of post-traumatic temperature
manipulations on neurological outcome in animals subjected to traumatic SCI using mild and moderate contusive
injury, and epidural temperatures of 32°C. Neurologic outcome was evaluated using morphological analysis of
the injured cord.

Rationale: Using systemic cooling and the relationship determined in Experiment 1 the purpose of these
experiments was to evaluate the question: 'will modest hypothermia reduce the severity of spinal cord injury
resulting from contusive injury?' Our hypothesis is that modest lowering of cord temperature will lessen an
animal's functional deficits and structural damage following injury.

Experimental Protocol: Rats were anesthetized, intubated, paralyzed, and artificially ventilated. Heart rate and
blood pressure were monitored throughout the length of experiments and pO, and pCO, maintained within normal
physiologic range. Epidural temperature was changed to maintain a temperature of 32 °C (systemic temperature
30°C). Epidural temperature was monitored with a flexible thermocouple probe and contusive lesions produced
by the weight drop technique (NYU impactor). Epidural temperature was lowered 30 minutes after injury and
maintained at the same level for four hours. The time post-injury for application of hypothermic treatment along
with the duration of treatment were both kept constant in this series of experiments. At the conclusion of
experiments animals were deeply anesthesized with sodium pentobarbital and following fixation, spinal cord
tissue was removed and prepared for histological examination, including determination of the volume of tissue
damage.

Results: It was found that significant neuroprotection was achieved when the condition of moderate hypothermia
was used following moderate spinal cord injury. No effects of hypothermia were observed under the conditions
of these experiments following severe SCI. The results of this study showed that moderate hypothermia for 4
hours was capable of producing a decrease in contusion volume. The fact that there were no significant effects
with severe injury indicates that for more severe injury it will be necessary to extend the period of hypothermia
and/or increase the level of hypothermia (lower than 32°C). This latter condition is problematic since a
hypothermic condition of this level will require a systemic temperature of less than 30°C which is a level that
could compromise the survival of traumatically injured animals. It is for this reason that efforts will be made to
extend the period of hypothermia (even if it means increasing slightly the epidural temperature to improve animal
survival).

Experiment 3

Specific Aim: To identify the most appropriate time period (post injury) for the initiation of hypothermic
treatment.

Rationale: It was hypothesized that there is an optimum time (post-injury) during which hypothermia is most
effective in reducing morphological damage following contusive SCI. These experiments are important to
establishing the "therapeutic window" during which benefits are derived from hypothermic treatment.

Experimental Protocol: Rats were anesthetized, intubated, paralyzed, and artificially ventilated. Heart rate and
blood pressure were monitored in all animals throughout the length of the experiment and pO, and pCO,
maintained within the normal physiologic range. Contusive injuries were produced by the weight drop technique.
In these experiments animals were subjected to moderate injuries at a normal physiologic cord temperature
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(37°C). Systemic temperature was changed to maintain the epidural temperature at a level of 32°C. This
temperature was maintained for a period of four hours. The onset of the hypothermic condition was evaluated at
30 minutes and 2 hours post-injury. Spinal cord epidural temperature was monitored by a flexible teflon
thermocouple probe. Following injury and treatment, animals were deeply anesthetized with sodium pentobarbital
and transcardially perfused. Following fixation, spinal cord tissue was removed and prepared for histological
examination and analysis including calculation of areas of gray and white matter damage.

Results: It was found that when body temperature was lowered commencing within 30 minutes post-injury
significant neuroprotection was obtained. By contrast when hypothermia was initiated commencing 2 hours post-
injury no effects of treatment were observed for a moderate level of SCI.

Experiment 4

Specific Aim: The goal of these experiments was to evaluate the neuroprotective effects of neurotrophic factors
and cytokines following moderate contusion injury of the spinal cord.

Rationale: Based on the neuroprotective effects of neurotrophic factors and anti-inflammatory cytokines the desire
to combine hypothermic and pharmacologic protocols to achieve neuroprotection, we evaluated the effects of
intraspinal infusion of cytokines and neurotrophic factors on tissue damage following traumatic SCL

Experimental Protocol: The neuroprotective effects of interleukins 1 (IL-1), 4 (IL-4), and 6 (IL-6), nerve growth
factor (NGF), ciliary neurotrophic factor (CNTF), and basic fibroblast growth factor (bFGF) were evaluated in
a contusion model of spinal cord injury. Female Sprague-Dawley rats (n=55) sustained a 10-gram weight drop
injury to the lower thoracic spinal cord (T10) from a height of 12.5mm using the NYU impactor. A micro-
infusion system (Alzet minipump) was used to continuously deliver drugs or saline directly into the epicenter of
the contused spinal cord starting one or three hours post-injury. At the end of 7 days, animals were perfused for
histopathlogical analysis. Longitudinal serial sections were cut on a freezing microtome and stained with cresyl
violet. Areas of central necrosis, partial preservation, and total zone of tissue injury were traced by an independent
reviewer using a computer based imaging system.

Results: In the vehicle-treated group (n=5), the mean volume of total injury (TZI) was 18.04 + 1.88mm?’ and the
mean volume of penumbral injury (ZPP) was 16.46 + 1.49mm’. Animals receiving interleukin-1 (IL-1) were
found to have consistently larger TZI and ZPP volumes compared to control animals, though the difference was
not significant (p>.05). It should be noted that despite similar postoperative care, the IL-1 treatment group also
had a much lower survival rate (approximately 40%) than vehicle-treated and other treatment groups
(approximately 90%). Interleukin 6 (IL-6) did not have any appreciable effects on any of the injury parameters.
By contrast basic fibroblast growth factor (bFGF) was the most effective agent in reducing both the TZI
(p=0.0004, ANOVA) and ZPP (p=0.0096, ANOVA). 2,3). Overall, bFGF reduced TZI by 33% and ZPP by 32%
compared to control animals. Three other drugs were also found to have effects on contusion injury. Ciliary
neurotrophic factor, NGF and IL-4 reduced TZI below the control group (ANOVA: CNTF, p=0.012; NGF,
p=0.015; IL-4, p=0.016). CNTF infusion had the highest percentage reduction (23%) of these three drugs in terms
of TZI (IL-4: 22%; NGF: 21%). Of these three factors, IL-4 reduced ZPP by 20% below control level, CNTF
(17%). The reduction of ZPP by NGF was not statistically significant (p=0.083). In an effort to evaluate the
potential therapeutic window of drug infusion, bFGF as the most effective treatment was selected for delivery
three hours post injury. The comparison of this treatment with vehicle infusion showed no significant reduction
in contusion volume.
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CONCLUSIONS AND FUTURE DIRECTIONS

During the first year of funding we have established the relationship between systemic and epidural temperatures.
Knowing this relationship will be important as we design experiments to further evaluate the optimum conditions
of hypothermia to achieve neuroprotection and to test the effects of different hypothermic and hyperthermic
conditions. We have also determined that there is a critical therapeutic window for the effects of moderate
hypothermia delivered for a period of four hours post-injury. Since we also determined that moderate
hypothermia delivered for four hours does not result in significant neuroprotection on severe injuries, it will be
important to determine if this effect can also be improved with longer duration hypothermia. A critically
important aspect of our work that will be addressed during the second year is to determine if there are functional
correlates to the significant neuroprotection we have observed with hypothermia during the first year.

As one of the long term objectives of our research is the development of a total strategy of neuroprotection
following SCI, we have begun to look at possible adjunct therapies that can be added to a hypothermic protocol.
To this end, we determined that significant neuroprotective effects can be obtained with the intraspinal infusion
of cytokines and neurotrophic factors commencing within one hour post-injury. No significant differences were
observed between animals receiving saline versus bFGF treatment commencing 3 hours after injury. These data
demonstrate that the continuous intramedullary infusion of bFGF, IL-4, NGF, or CNTF significantly reduces the
total zone of injury, and for bFGF, IL-4, and CNTF the zone of partial preservation after moderate contusion
injury of the spinal cord. These results support the further investigation and possible future clinical application
of these agents as a solo treatment or in combination with hypothermia as a treatment strategy for acute spinal
cord injury.

STATEMENT OF WORK: SECOND YEAR

During the second year of funding the primary goal was to establish a therapeutic relationship between spinal cord
temperature and behavioral outcome measures following traumatic spinal cord injury (SCI). Studies carried out
were intended to extend those carried out during the first year in which it was shown that moderate hypothermia
delivered for a period of four hours was neuroprotective following moderate, but not severe, traumatic SCI.
Although local spinal cord cooling had been attempted as a form of treatment in experimental and human SCI,
most studies have focused on temperature shifts in the range of 15-20°C. Because of the technical difficulties
required to achieve these conditions the application of hypothermia as a therapeutic intervention in SCI has been
difficult to implement. Since we would like to ultimately evaluate the neuroprotective effects of combination
therapies, e.g. hypothermia with pharmacological treatments, we also initiated a study to evaluate the
neuroprotective effects of the endogenous neuroprotective agent agmatine, both alone and in combination with
hypothermia. Agmatine has been shown to have neuroprotective properties in models of traumatic and ischemic
head injury and excitotoxic spinal cord injury.

Experiment 1

Specific Aim: Evaluate the effects of mild hypothermia on locomotor function following traumatic spinal cord
injury. The objective of these experiments was to study the effects of post traumatic hypothermia on behavioral
outcome measures in animals subjected to traumatic SCI.

Rational: During the first year it was demonstrated that mild hypothermia delivered for a period of 4 hours thirty
minutes after injury resulted in significant neuroprotection following traumatic SCI. An important question
related to this effect is whether there is any behavioral significance attached to this neuroprotective effect.
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Experimental Protocol: Rats were anesthetized, intubated, paralyzed and artificially ventilated. Heart rate and
blood pressure were monitored in all animals throughout the length of the experiment and pO, and pCO,
maintained within normal physiologic limits. Blood gases were evaluated every 30 minutes. Systemic temperature
was measured by a teflon thermocouple probe inserted in the rectum. Epidural temperature was measured with
a teflon thermocouple flexible probe inserted under the dura. After a 30 minute control period following injury
the epidural temperature was lowered by placing the animal in a plexiglas box with circulating thermal blanket.
Systemic temperature was monitored continuously along with epidural temperature throughout a 4 hour period
during which the epidural temperature was maintained a level of either 37°C (normothremic) or 32°C
(hypothermic). Two days following these procedures all animals were evaluated for residual locomotor function
using the BBB locomotor rating scale. This evaluation continued using the schedule described above for the
duration of the survival period (44 days). At the conclusion of experiments animals were deeply anesthetized with
sodium pentobarbital and following fixation, spinal cord tissue was removed and prepared for histological
examination, including determination of the volume of tissue damage.

Results: The results of this study showed that there were significant differences between the locomotor scores
of animals in the hypothermic versus normothermic groups. There was a dramatic increase in BBB scores
between days 2-12 post-injury for animals in both experimental groups. Starting on test day 19, however,
hypothermic animals began showing significant differences in their BBB scores when compared to animals in
the normothermic group. At the conclusion of the evaluation period it should be pointed out that the BBB scores
for normothermic animals were beginning a trend in the downward direction while those for the hypothermic
animals were trending in an upward direction. These results not only support the functional benefits of
hypothermia, but also indicate that these beneficial effects are long term. In addition to evaluating locomotor
scores during the survival period tissue was taken from all animals and subjected to arigorous analysis of tissue
damage. The results showed a significant reduction in the area of tissue damage in animal undergoing
hypothermic treatment.

Experiment 2

Specific Aim: Evaluate the effects of the systemic administration of agmatine on locomotor function following
traumatic spinal cord injury. The objective of this series of experiments was to study the effects of agmatine on
morphological and behavioral outcome measures in animals undergoing traumatic SCI.

Rationale: Previously it has been shown that agmatine is neuroprotective in models of CNS injury (trauma and
ischemia). Our work has shown that agmatine administered systemically or intraspinally also produces significant
neuroprotective effects against excitotoxic tissue damage produced by intraspinal injections of quisqualic acid.
Considering the fact that agmatine is an NMDA antagonist and an inhibitor of NOS, we wanted to determine if
agmatine could produce neuroprotective and/or behavioral effects following traumatic SCIL. Based on our long
term goals of combining therapeutic strategies with hypothermia it was also thought that this evaluation was an
" important first step towards accomplishing this goal with a substance that could be systemically administered.

Experimental Protocol: Rats were anesthetized, intubated, paralyzed, and artificially ventilated. Heart rate and
blood pressure were monitored throughout the length of experiments and pO, and pCO, maintained within normal
physiologic range. Epidural temperature was maintained at the normothermic level of 37°C (systemic temperature
37°C). Epidural temperature was monitored with a flexible thermocouple probe and contusive lesions produced
by the weight drop technique (NYU impactor). The time post-injury for the first injection of agmatine was 15
minutes. Animals received agmatine injections 100mg/kg every day for 14 days during the post injury survival
period. At the conclusion of experiments animals were deeply anesthesized with sodium pentobarbital and
following fixation, spinal cord tissue was removed and prepared for histological examination, including
determination of the volume of tissue damage.
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* Results: The results of this study showed that agmatine produced significant differences in locomotor scores when
compared to animals in the normothermic group. There was a significant improvement in BBB scores between
days 2-9 post-injury for animals in the agmatine group. A comparable improvement in scores for animals in the
normothremic group did not occur until day 16 post injury. Throughout the entire evaluation period the BBB
scores for the agmatine animals were significantly higher for the agmatine group compared to animals in the
normothermic group. In addition to evaluating locomotor scores during the survival period tissue was taken from
all animals and subjected to volume analysis of tissue damage. The results of this analysis showed that animals
treated with agmatine had significantly less damage than saline treated control animals.

Experiment 3

Specific Aim: Evaluate the effects of mild hypothermia plus the administration of agmatine on locomotor
function following traumatic spinal cord injury. The objective of these experiments was to evaluate the effects
of post traumatic hypothermia plus systemically administered agmatine on behavioral outcome measures in
animals subjected to traumatic SCI and epidural temperatures of 32°C.

Rationale: Considering the positive effects of hypothermia or agmatine on behavioral outcome measures
following traumatic SCI, the hypothesis was proposed that by combining these two interventions there may be
a synergistic or additive effect of these two interventions.

Protocol: A protocol combining those described in Experiments 1 and 2 (above) was used in this study.

Results: The results of this combination therapy showed that there were significant effects at early and late time
points for animals in the hypothermia + agmatine group compared to the BBB scores of animals in the
normothermic group, but no evidence was observed of an additive or synergistic effect of these two interventions.
This conclusion is based on the similarity of final BBB scores obtained in the hypothermia, agmatine and
hypothermia + agmatine groups. Although the results of this study didn’t show any advantage of combining
hypothermia with agmatine one effect hypothermia may have is to extend the therapeutic window of agmatine.
To test this hypothesis one would need to administer agmatine at different time points during the period of
hypothermia and determine if similar results to agmatine administered at 30 minutes post injury would be
obtained. This project will be considered for the future. The results of this series of experiments leads to the
conclusion that agmatine, which blocks NMDA receptors and inhibits NOS, is only able to provide behavioral
results equal to that observed with hypothermia. Furthermore, it is suggested that the effects of agmatine and
hypothermia are working through a comparable mechanism. For there to be an additive effect of pharmacological
treatment and hypothermia it is suggested that a drug affecting another component of the secondary injury cascade
must be used. One possibility is IL-10 which has been shown to produce neuroprotection in traumatic SCI by
affecting the inflammatory component of the injury cascade.

CONCLUSIONS AND FUTURE DIRECTIONS

During the second year of funding we determined that mild hypothermia (32 °C) delivered within thirty minutes
of a moderate injury for a period of four hours produces significant differences in locomotor scores when
compared to normothermic animals. This result combines findings from the first year in which we determined
the most effective duration of treatment, onset time, and injury severity required to produce neuroprotective
effects of hypothermia. In a parallel series of experiments we determined that administration of the NMDA
antagonist and NOS inhibitor agmatine also produces significant neuroprotective effects against excitotoxic injury
resulting from the intraspinal injection of quisqualic acid. These effects were achieved with either intraspinal or
systemic administration of agmatine. The encouraging results of this study led to a series of experiments closer
to the hypothermia research plan and included the evaluation of agmatine effects against traumatic SCI. In these
experiments we determined that the systemic administration of this drug produced significant behavioral effects.
Because these effects could be achieved with systemic administration of the drug, unlike the effects of cytokines
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and growth factors evaluated in the first year and because of our desire to combine hypothermia with a
pharmacological intervention , the results with agmatine led us to the evaluation of combining hypothermia with
the systemic administration of agmatine. Unfortunately, the combination of hypothermia and agmatine did not
result in an additive or synergistic effect on behavioral outcome suggesting that hypothermia should be combined
with an intervention directed at another component of the secondary injury cascade.

STATEMENT OF WORK: THIRD YEAR

During the third year the primary goals were to complete the evaluation of the effects of hyperthermia and
hypothermia on behavioral and morphological outcome measures following traumatic spinal cord injury (SCI).
Although progress had been made during year two, it was clear that we had significantly underestimated the time
frame needed to complete these studies. Due to the labor intensive nature of carrying out the behavioral testing
(for a period of 44 days post-injury), the need to histologically process and cut serial sections from each animal,
and the time involved in doing volume analysis of these sections it was clear that additional time was needed to
complete the studies initiated in year two. Additionally, we wanted to continue our evaluation of the effects of
agmatine and agmatine plus hypothermia on these outcome measures. These studies were intended to extend
those carried out during the second year in which it was shown that moderate hypothermia delivered for a period
of four hours was neuroprotective following moderate, but not severe, traumatic SCI. The specific aims for year
three were intended to utilize a clinically relevant model of contusive spinal injury, i.e. weight drop, and evaluate
the effects of systemic hypothermic treatment on morphological and behavioral endpoints following injury.

Experiment 1

Specific Aim: Evaluate the effects of mild hypothermia on locomotor function following traumatic spinal cord
injury. The objective of these experiments was to study the effects of post traumatic hypothermia on behavioral
outcome measures in animals subjected to mild traumatic SCI.

Rational: During the first year it was demonstrated that mild hypothermia delivered for a period of 4 hours thirty
minutes after injury resulted in significant neuroprotection following traumatic SCI. An important question
related to this effect is whether there is any behavioral significance attached to this neuroprotective effect.

Experiment 2

Specific Aim: Evaluate the effects of the systemic administration of agmatine on locomotor function following
traumatic spinal cord injury. The objective of this series of experiments was to study the effects of agmatine on
morphological and behavioral outcome measures in animals undergoing traumatic SCIL.

Rationale: Previously it has been shown that agmatine is neuroprotective in models of CNS injury (trauma and
ischemia). Our own work has shown that agmatine administered systemically or intraspinally also produces
significant neuroprotective effects against excitotoxic tissue damage produced by intraspinal injections of
quisqualic acid. Considering the fact that agmatine is an NMDA antagonist and an inhibitor of NOS, we wanted
to determine if agmatine could produce neuroprotective and/or behavioral effects following traumatic SCI. Based
on our long term goals of combining therapeutic strategies with hypothermia it was also thought that this
evaluation was an important first step towards accomplishing this goal with a substance that could be systemically
administered..
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Experiment 3

Specific Aim: Evaluate the effects of mild hyperthermia on locomotor function following traumatic spinal cord
injury. The objective of these experiments was to evaluate the effects of post traumatic hyperthermia (39.5-
40.0°C) on behavioral outcome measures in animals subjected to traumatic SCL

Rationale: Considering the positive effects of hypothermia on behavioral outcome measures following traumatic
SCI, the hypothesis was proposed that the opposite effect, i.e. increasing the temperature, would have a
detrimental effect on behavioral and morphological outcome measures.

Protocol: A protocol combining those described for experiments carried out during years 1 and 2 was used in this
study.

Results: The results have shown that mild hyperthermia results in significant deterioration of spinal tissue
compared to control animals. In our analysis of differences in tissue damage in two groups of animals we have
observed a 10-15% difference in the overall area of damage between these two groups of animals. Additionally,
there were significant effects at early and late time points for animals in the hyperthermia group compared to the
BBB scores of animals in the normothermic group. This conclusion is based on the significant difference in the
final BBB scores obtained in the hyperthermia vs. normothermia.

CONCLUSIONS AND FUTURE DIRECTIONS

During the third year of funding we determined that mild hypothermia (32°C) delivered within thirty minutes
of a moderate injury for a period of four hours produces significant differences in locomotor scores when
compared to normothermic animals. This result combines findings from the first and second years in which we
determined the most effective duration of treatment, onset time, and injury severity required to produce
neuroprotective effects of hypothermia. In a parallel series of experiments not directly related to the research plan
of the hypothermia project we also determined that administration of the NMDA antagonist and NOS inhibitor
agmatine also produces significant neuroprotective effects against excitotoxic injury resulting from the
intraspinal injection of quisqualic acid. These effects were achieved with either intraspinal or systemic
administration of agmatine. The encouraging results of this study led to a series of experiments closer to the
hypothermia research plan an included an evaluation of agmatine effects against traumatic SCI. In these
experiments we determined that the systemic administration of this drug produced significant behavioral effects.
Because these effects could be achieved with systemic administration of the drug, unlike the effects of cytokines
and growth factors evaluated in the first year which were obtained with intraspinal injection and our desire to
combine hypothermia with a pharmacological intervention , the results with agmatine led us to the evaluation of
combining hypothermia with the systemic administration of agmatine. Unfortunately, the combination of
hypothermia and agmatine did not result in an additive or synergistic effect on behavioral outcome suggesting
that hypothermia should be combined with an intervention directed at another component of the secondary injury
cascade.

STATEMENT OF WORK: FOURTH YEAR

In the fourth year of funding (no cost extension year) there were two objectives that we wanted to accomplish:
(a) evaluate the effects of 12 hours of hypothermia treatment on neurological outcome; and (b) complete the
evaluation of the effects of hyperthermia on behavioral and morphological outcome measures.

Experiment 1
Evaluate the effects of 12 hours of hypothermia commencing within 30 minutes of injury. To date our research
has shown that mild hypothermia delivered for a period of 4 hours produces significant behavioral effects. To
determine if a longer duration of hypothermic treatment is capable of producing an even greater morphological
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* 4and behavioral effect we believe it is possible to carry out a study using the 12 hour time frame. At the present
time this study is still ongoing and all animals will be sacrificed by the end of January, 2001. We are carrying
out BBB (behavioral; locomotor) testing to determine the effects of long duration hypothermia on a functional
outcome measure. Once the animals are eliminated we will process the spinal cords to determine the extent of
neuroprotection achieved relative to those in a previous study where animals under went 4 hours of hypothermic
treatment. It is anticipated that the analysis of behavioral and morphological data from this study will be
completed by May, 2001.

Experiment 2

One of the goals of the original research plan was to evaluate the effects of hyperthermia on morphological and
behavioral outcome measures. To complete our evaluation of the effects of temperature on recovery from spinal
cord injury, i.e. hypothermia and hyperthermia, we would like to complete our evaluation of the effects of
hyperthemia on morphological and behavioral outcome measures..

During the fourth year we had, in addition to the above projects, wanted to initiate studies focusing on the
physiological objectives of the original research plan. In the original proposal we had outlined experiments in
which efforts would be made to determine the physiological correlate for any increased anatomical or behavioral
improvement. Unfortunately, during this year we were forced to prematurely curtail our research activities while
preparations were made to move the research laboratories of the The Miami Project to a new building. The Pope
Life Center is the new home of The Miami Project and because of this move we were unable to initiate these
studies. In addition to the disruption of moving my laboratory, the PI has also accepted a new position at the
University of Florida. For this reason once the laboratory equipment was packed for the move to the new building
it was then stored in preparation for the subsequent move to the University of Florida. Another consequence of
these circumstances was the departure of two post-doctoral fellows which prevented the initiation of new research
endeavors. Because of the inability to complete the proposed studies it is likely that there will be funds remaining
at the end of the no-cost extension. Any unused funds will be returned to the funding agency.

KEY RESEARCH ACCOMPLISHMENTS AND CONCLUSIONS

@ Four hours of mild systemic hypothermic treatment produces significant behavioral and morphological
improvement versus animals receiving normothermic treatment following moderate and NOT severe traumatic
spinal cord injury.

® Four hours of mild systemic hyperthermic treatment produces significant behavioral and morphological
deficits compared to animals receiving normothermic or hypothermic treatment.

@ Initiation of hypothermic treatment 30 minutes post-injury is significantly more beneficial than starting
treatment two hours post-injury. Likewise hypothermic treatment is significantly more effective in the treatment

of moderate versus severe injury.

@ Animals receiving systemic injections of the NOS inhibitor and NMDA antagonist (agmatine) have
significantly better morphological and behavioral outcome measures compared to vehicle treated control animals.

@ There are no synergistic effects of agmatine + hypothermia following traumatic spinal cord injury.

@® Infusion of selected growth factor and cytokines into the site of traumatic injury results in a marked
improvement in morphological and locomotor outcome following traumatic spinal cord injury.

® There exists a direct relationship between epidural and rectal temperature so that it is possible by monitoring
rectal temperature one has a good indication of epidural temperature.

13




DAMD17-97-1-7010
REPORTABLE OUTCOMES

PAPERS:

1.Yu, CG, Marcillo, AE, Dietrich, WD, Fairbanks, CA, Wilcox, GL, Yezierski, RP Agmatine improves
locomotor function and reduces tissue damage following traumatic spinal cord injury in rats. Neuroreport
11:3203-3207, 2000.

2. Yu, CG, Jimenez, O, Marcillo, AE, Weider, B., Bangerter, K, Dietrich, WD, Castro, S, Yezierski, RP
Beneficial effects of modest systemic hypothermia on locomotor outcome and histopathological damage
following contusion spinal cord injury in rats. J. Neurosurg. 93:85-93, 2000.

3. Lee, TT, Dietrich, WD, Green, BA, Yezierski, RP Neuroprotective effects of basic fibroblast growth factor
following spinal cord contusion injury in the rat. J. Neurotrauma 16:347-356, 1999.

4. Yu, CG, Jimenez, O, Marcillo, AE, Weider, B., Bangerter, K, Dietrich, WD, Castro, S, Yezierski, RP
Detrimental effects of modest systemic hyperthermia on locomotor outcome and histolpathological damage
following contusion spinal cord injury in rats. Neurosurgery (submitted).

5.Yu, CG, Dietrich, WE, Marcillo, AE, Yezierski, RP Beneficial effects of 12 hours of moderate hypothermic
treatment following traumatic spinal cord injury: morphological and functional analysis. J. Neurosurgery
(in preparation).

ABSTRACTS:

1. Yu, CG, Marcillo, AE, Sanchez,D, Ruenes, GR, Jagid, J, Dietrich, WD, Yezierski, RP The effects of
hyperthermia on locomotor outcome and histopathology following traumatic spinal cord injury in the rat.
J. Neurotrauma, 17:464, 2000.

2. Yu, CG, Marcillo, AE, Dietrich, WD, Fairbanks, CA, Wilcox, GL, Yezierski, RP Beneficial effects of
hypothermia and/or agmatine on locomotor outcome following contusion spinal cord injury. Neurosci.
Abstr., 25:1443, 1999.

3. Jimenez, O, Weider, BN, Bangerter, K, Dietrich, WD, Martinez-Arizala, A, Yezierski, RP. Effects of systemic
hypothermia following acute traumatic spinal cord injury in the rat. J. Neurotrauma 14:772, 1997.

CONCLUSIONS

It is suggested from the work carried out during the past four years that field administration of hypothermic
treatment immediately after traumatic injury to the spinal cord can potentially lead to the expansion of the
therapeutic window for the delivery of pharmacological interventions and/or to an improved neurological
outcome (behavioral and morphological). Development of field devices that can lower systemic temperature
following injury (head or spinal cord) is recommended and a full scale clinical trial is suggested by the results
obtained in the research obtained during the past four years. It is also recommended that immediate steps be taken
to combat elevations in systemic temperature due to fever, infection, etc. following injury as even slight
elevations can lead to a significant detrimental affect on neurological outcome. The results also determined that
future therapeutic agents with multiple pharmacologic targets like agmatine (an NMDA antagonist and NOS
inhibitor) are potentially more beneficial than drugs with singular pharmacologic effects. Finally, spinal infusion
of growth factors and protective cytokine is potentially an adjunct therapeutic intervention for acute spinal cord
injury. Additional studies are indicated to evaluate the effects of hypothermia on the therapeutic window as well
as related to the interaction of hypothermic treatment and IL-10, methylprednisilone and perhaps other
pharmacologic agents directed at different components of the post-injury secondary cascade.
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Clinically effective drug treatments for spinal cord injury (SCI)
remain unavailable. Agmatine, an NMDA receptor antagonist
and inhibitor of nitric oxide synthase (NOS), is an endogenous
neuromodulator found in the brain and spinal cord. Evidence is
presented that agmatine significantly improves locomotor func-
tion and reduces tissue damage following traumatic SCl in rats.
The results suggest the importance of future therapeutic
strategies encompassing the use of single drugs with multiple

Key words: Agmatine; Locomotor function; Neuroprotection; Nitric oxide;

targets for the treatment of acute SCI. The therapeutic targets
of agmatine (NMDA receptor and NOS) have been shown to
be critically linked to the pathophysiological sequelae of CNS
injury and this, combined with the non-toxic profile, lends
support to agmatine being considered as a potential candidate
for future clinical applications. NeuroReport |1:3203-3207 ©
2000 Lippincott Williams & Wilkins.

NMDA

INTRODUCTION

The pathological sequelae associated with traumatic SCI
include white and gray matter damage resulting from the
primary injury and a progressive secondary injury cascade
that begins with the elevation of excitatory amino acids [1}.
The NMDA receptor (NMDAR) and nitric oxide synthase
(NOS) are known to play important roles in the progres-
sion of secondary injury initiated by brain and spinal cord
injury [2-4]. Agmatine (decarboxylated arginine) is an
endogenous neuromodulator found in brain [5] and spinal
cord [6] with both NMDAR antagonist [6,7] and NOS
inhibitor activities [8,9]. Pretreatment and/or treatment
with agmatine prevents the development of opioid toler-
ance [10], reduces infarct size after global cerebral ischemia
[11], attenuates the extent of neuronal loss following
excitotoxic spinal cord injury [6], and alleviates pain
behaviors associated with excitotoxic lesions in the spinal
cord [6]. Based on this evidence, we hypothesized that
agmatine may have neuroprotective effects following trau-
matic SCI. The purpose of the present study was to
evaluate the effects of agmatine on locomotor function and
histopathological damage following traumatic injury using
a clinically relevant model of SCI.

MATERIALS AND METHODS

Experimental procedures were approved and carried out

in accordance with the Guidelines of the Animal Care and
Use Committee of the University of Miami.

Surgical preparation: Under halothane anesthesia (4% in
70% N,O, balanced with Oy), 23 female Sprague-Dawley
rats weighing 225-275g had their neck and back shaved
and scrubbed with Betadine. Anesthesia was continued
with halothane (0.5% for trauma, and maintenance). The
antibiotic Crystiben (0.01m1/100g, im.) was administered
to prevent iatragenic infection. A flexible thermistor was
inserted in the rectum to monitor systemic temperature.
Pre-SCI, all animals were maintained at a systemic tem-
perature of 37°C (rectal) using a feedback controlled heat-
ing blanket. After injury animals were housed in cages
containing soft bedding and placed on a thermal blanket
(37.0°C) until thermoregulation was re-established. Ani-
mals were treated with Crystiben i.m. every other day for 7
days. Water bottles with extended tubes allowed access to
water. Food was placed inside the cage until rats were
capable of reaching the standard placement in the cage
top. Animals were checked daily and bladders palpated at
least twice daily and emptied as required until they
regained reflex voiding.

Contusion spinal cord injury: Traumatic spinal injury
was produced following a T10 laminectomy. Animals were

0959-4965 © Lippincott Williams & Wilkins
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positioned in the weight-drop apparatus (NYU Impactor).
Two spinal clamps were attached to T8/T9 and T11/T12
spinal processes, respectively. A transducer was placed at
the site of the muscle near the spinal column, and the
impactor rod (10g) centered above spinal segment T10.
The rod was slowly lowered until it contacted the dura,
which was determined by completion of a circuit that
resulted in an audible tone. The cord was then contused
with the NYU weight-drop device that released a 10g rod
from a height of 125mm (moderate injury) onto the
exposed cord. Impact analysis, including degree of cord
compression, velocity, time, and height of weight drop,
were recorded by a preset NYU impactor. software pack-
age. After trauma, rats were randomized to agmatine and
saline treatment groups.

Drug preparation and administration: Agmatine was
purchased from Sigma (St. Louis, MO), dissolved in 0.9%
saline and administered (100 mg/kg/day, i.p., 1ml) 30 min
post-trauma and once daily for 14 days. This dose was
based on results of a previous dose-response determina-
tion using an excitotoxic model of SCI [6]. Higher doses
(200mg/kg, i.p., n=2) may have shown toxic effects (e.g.
blanching, shivering), but these effects were not studied
systematically (Yezierski, unpublished observations).

Behavioral assessment: Open-field locomotor function
was evaluated using the Basso-Beattie~Breshnahan (BBB)
locomotor rating scale, a multiple function test of locomo-
tor outcome that provides an efficient and unambiguous
locomotor rating [12]. Briefly, non-injured rats were ex-
posed daily for one week to the behavioral testing environ-
ment in order to acclimate them to open field exploration.
Two examiners participated in the BBB evaluation and
were positioned across from each other to observe both
sides of the rat. Each rat was tested for 4 min. Postoperative
open field testing for all animals occurred twice a week
from day 2 post-injury to day 44 post-injury. Examiners
were blinded to the type of treatment received by each
animal.

Histopathological assessment: The method used to eval-
uate morphological outcome of spinal cords following
injury was similar to that described in a recent study [13].
Briefly, 44 days post-SCI, rats were deeply anesthetized
with sodium pentobarbital and perfused transcardially
with isotonic saline for 5 min, followed by a mixture of 4%
formaldehyde, glacial acetic acid and methanol (FAM)
1:1:8 by volume for 30min. Following perfusion, the
vertebral column with the cord were immersed in FAM at
4°C for 24h. Spinal cords were then removed and em-
bedded in paraffin in 16-18 mm long blocks that contained
the contusion epicenter as well as non-injured tissue at
both ends of each block. Each block was serially sectioned
(longitudinally) at 10 um. Sections were stained with hema-
toxylin, eosin and luxol fast blue for histopathological
analysis. Sixteen sections from the central core of the cord
were studied with light microscopy, and reconstructions of
the longitudinal area of tissue damage in these sections
were made with the aid of an overhead projector. The area
of tissue damage in each section was quantitatively deter-
mined using computer-aided image analysis (Meta Morph

Imaging System, Universal Imaging Corporation). The sum
of areas in the 16 sections analyzed was used as the total
area of tissue damage [13].

Statistical analysis: All data are expressed as means
s.em. and were analyzed using a commercially available
computer program (StatView). For each rat, BBB scores for
each hindlimb were averaged together to yield one score
per test session. BBB scores and total area of damage were
compared between the agmatine and saline groups at each
time point using one-way analysis of variance (ANOVA)
and Fisher’s protected least significant difference (PLSD)
test. Differences were considered statistically significant at
p<0.05.

RESULTS

Injury parameters of the weight-drop device used to
produce contusion injury are shown in Table 1. No signifi-
cant differences in velocity, compression, height, and time
were found between agmatine- and vehicle-treated groups,
indicating similar injuries to all animals.

Behavioral assessment: Results of the BBB locomotor
assessment are shown in Fig. 1. Immediately after SCI, all
animals showed bilateral hindlimb paralysis, as previously
documented using the NYU impactor [12,13]. Saline-trea-

Table I. Contusion parameters (n=23)

Control Agmatine-treated p*
Compression 1.71 £0.07 1.85+0.03 ns
Height (mm) 1248 £ 1.10 12.62 +0.08 ns
Velocity (m/s) 0.490 £ 0.002 0.489 +0.002 ns
Time (ms) 49.7 £1.54 508+1.29 ns

Values are means £s.e.m.
2ANOVA and Fisher’s PLSD test.
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Fig. 1. Time course of open-field locomotor recovery as measured by

BBB locomotor scores following agmatine or saline treatment. Agmatine-
treated animals are represented by the filled circles and saline-treated
animals are represented by triangles. The solid bar indicates the time
period of daily agmatine administration. Data are represented as mean =+
s.em. ** p < 0.01; ¥** p < 0.001.
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ted animals had little or no hindlimb movements 5 days
post-trauma and then showed a gradual recovery over the
next 2 weeks. By 3 weeks post-trauma, most saline-treated
animals were stepping consistently but lacked forelimb—
hindlimb coordination. There was little or no behavioral
improvement in saline-treated animals between weeks 3
and 6 post-trauma. As early as 2 days post-trauma,
agmatine-treated rats showed significantly more (p<
0.001) movement of their hindlimbs than did control ani-
mals. This difference continued throughout the duration of
the survival period. Consequently, locomotor improvement
observed in agmatine-treated animals was consistently
greater than that observed in saline-treated animals at each
time point evaluated (Fig. 1; Table 2). On day 44 after
injury, the final mean BBB score for agmatine-treated
animals was significantly higher than that of control ani-
mals (15.0+0.83 vs 10.84+0.29, p < 0.001).

Histopathological assessment: The results of the histo-
pathological outcome assessment are shown in Fig. 2 and
Fig. 3. Hematoxylin-, eosin- and luxol fast blue-stained
sections showed that there was significant tissue loss at 44
days after traumatic SCI in the control group. By contrast
the total area of tissue damage in agmatine-treated animals
was significantly less than that of saline-treated animals.

Table 2. Mean BBB scores

Days post-trauma Agmatine (n=11) Control (n=12)
2 0.68+0.14 0.00 - 0.00
5 5.36+0.78 1.00+0.24
9 10.45+0.28 6.21 £0.60
12 11.27 +0.14 8.131+0.6!
16 11.73 £0.27 9.75+0.31
19 12.27 £0.30 10.13£0.33
23 12.82 +0.44 10.92 +£0.20
26 13.09+ 051 10.75+£0.18
30 13.73£0.66 11.00+0.20
33 13.86 £0.71 11.13+0.26
37 14.73 +0.84 1.7 +£027
40 15.14+£0.79 10.96 +0.35
44 15.00 +£0.83 10.83 £0.29
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Fig. 2. Area of spinal cord damage following agmatine or vehicle
treatment. The area of tissue damage in each section was quantitatively
determined using computer aided image analysis. Data are represented as
mean £ s.e.m. ¥¥* 5 < 0.001.

Fig. 3. Photomicrographs of representative histological sections follow-
ing traumatic spinal cord injury and systemic treatment with either saline
(a) or agmatine (100 mg/kg/day) (b). Note reduced area of tissue damage
(b) following agmatine treatment. The area of injury was easily identified
by the presence of reactive astrocytes, microglial, infiltration of inflamma-
tory cell types (neutrophils, leucocytes) and by the presence of macro-
phages. Bar =400 pm.

The final mean area of tissue damage in agmatine-treated
animals was 30% less than that found in saline-treated
animals (p <0.001, Fig. 2). Sections representing the mean
tissue damage from saline- vs agmatine-treated animals are
shown in Fig. 3ab, respectively. Note the reduced size of
the cavity and partial sparing of white matter in the
agmatine-treated section compared to the section from the
saline-treated animal.

DISCUSSION
Traumatic SCI has been estimated to occur in 3/100000
people, resulting in ~15000 new cases/year [14]. At
present the recommended treatment for acute SCI is the
glucocorticosteriod methylprednisolone (MP) that is be-
lieved to have multiple actions including stabilization of
membranes, reduction of edema, and an inhibitory effect
on lipid peroxidation and free-radical reactions [15]. Un-
fortunately, many patients with spinal injury remain physi-
cally impaired as a result of their injury [14], and there is
concern as to the therapeutic efficacy of MP [16]. For these
reasons continued efforts are needed to develop and test
novel treatment strategies directed at specific components
of the post-injury cascade associated with SCIL.
Experimental strategies designed to limit the extent of
tissue damage following SCI have relied, in part, on the
targeting of NMDA and non-NMDA receptors [2,17-19],
the synthetic pathway for nitric oxide [20], or inflammation
[21]. Injury-induced elevations in excitatory amino acids,
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including glutamate, and the induction of NOS by NMDA
receptor activation have been implicated as important steps
in secondary injury following brain and spinal cord injury
[1,22,23]. NMDA antagonist MK-801 (19) or the non-
NMDA antagonist NBQX [17,18] is effective in reducing
the extent of tissue damage and improving behavioral
outcome following SCIL Although single drug pharma-
cotherapy is an important strategy for the treatment of
acute SCI, the complex and dynamic processes initiated by
SCI are characterized by the simultaneous occurrence and
interactive nature of multiple pathophysiological events.
The effective treatment of acute SCI may therefore require
combination therapy with multiple drugs administered at
different time points. An alternative to this strategy is the
use of a single drug with multiple therapeutic targets. The
present study supports this latter strategy by showing that
agmatine, a NMDA receptor antagonist [7] and inhibitor of
NOS [9], produces significant restoration of locomotor
function and reduction of tissue damage following trau-
matic SCI in the rat.

In the present study, we demonstrated that agmatine
(100 mg/kg/day, ip., for 14 days) given 30min after SCI
significantly improves hindlimb motor function for up to 6
weeks following traumatic SCI. The most significant beha-
vioral differences were consistent forelimb—hindlimb coor-
dinated movements observed in agmatine-treated rats from
4 to 6 weeks post-injury, whereas control animals achieved
only modest improvements without coordinated hindlimb
movements. Our results also showed that exogenous agma-
tine significantly reduced the loss of spinal cord tissue 6
weeks following traumatic SCI as animals treated with
agmatine had significantly greater tissue sparing than
vehicle-treated animals. These data suggest that agmatine
has strong neuroprotective effects on locomotor outcome
and histopathological damage following traumatic SCL
effects that persisted for up to 30 days following cessation
of treatment.

Previous studies have shown improvement of neuro-
logical outcome following the use of NMDA or non-
NMDA antagonists. In the studies by Wrathall and collea-
gues acute administration of the non-NMDA antagonist
NBQX, an AMPA /kainate receptor antagonist, produced
an increase in speed and extent of recovery of hindlimb
reflexes, coordinated motor function in swimming, overall
locomotor function, bladder reflex, and enhanced position-
ing on an inclined plane [17]. Similar results were obtained
with the delayed delivery of the drug [18]. Using the
noncompetitive NMDA antagonist MK-801 significant im-
provement was observed in locomotor function, toe spread,
and inclined plane scores [19]. Using multiple doses of
gacyclidine, a specific phencyclidine analog and noncom-
petitive NMDA antagonist, Gaviria et al. [2] found a dose-
and time-dependent attenuation of spinal cord damage
after vascular lesions of the spinal cord. Motor recovery
was related to the extent of preservation of spinal tissue at
the level of injury. From these studies it is clear that both
NMDA and non-NMDA mechanisms play a significant
role in secondary injury and in producing subsequent
behavioral deficits following SCL

The mechanisms responsible for the neuroprotective
effects of agmatine are believed to involve the selective
blockade of the NMDA receptor [6,7] together with NOS

blockade [8,9], both of which play an important role in
secondary injury after brain and spinal cord injury
[3,4,20,22,23]. This confluence of therapeutic mechanisms
led us to predict that agmatine might have neuroprotective
effects and thus improve locomotor outcome following
SCI. The results of the present study support this hypoth-
esis, but at the same time raise the question as to the
additive or synergistic effects of NMDA receptor antago-
nists and inhibitors of NOS in SCI. Additional studies are
needed to further address the importance of these two
therapeutic targets in the pathological and functional con-
sequences of SCL

Consistent with the results of the present study Olmos et
al. [24] reported agmatine is neuroprotective against gluta-
mate-induced neurotoxicity. Treatment with agmatine also
prevents the development of opioid tolerance [10], reduces
infarct size after global cerebral ischemia [11], alleviates
inflammatory and neuropathic pain behaviors associated
with excitotoxic lesions in the spinal cord, and attenuates
the extent of neuronal loss following quisqualate-induced
spinal cord injury [6]. Since clinically effective drug treat-
ments for acute SCI are still needed, new agents that
prevent neurological damage and improve functional re-
covery need to be developed. The present study suggests a
therapeutic strategy for the treatment of acute spinal cord
injury: a single drug with multiple targets critically linked
to the pathophysiological sequelae of spinal injury. The
absence of acute motor toxicity after intrathecal (i.t.)
administration of agmatine in mice suggests the existence
of a large therapeutic index by the i.t. route of administra-
tion [6]. Agmatine may, therefore, represent a useful target
for therapeutic development. As more is learned about the
temporal profile of cellular and biochemical events respon-
sible for the destruction of CNS tissue multi-action drugs
(like agmatine) will need to be developed targeting differ-
ent components of the secondary injury cascade.

CONCLUSION

The results of this study have shown that exogenous
agmatine administered systemically for 14 days after spinal
cord injury significantly improves locomotor function and
reduces tissue damage. This action is consistent with a
previous study showing that a single injection of agmatine
following spinal nerve ligation reversed hypersensitivity
indicative of pain [6]. Other studies have reported that
agmatine prevents the development of opioid tolerance
[10], reduces inflammation-induced thermal hyperalgesia
[25] and reduces infarct size after global cerebral ischemia
[11]. Furthermore, previous studies have suggested [11] or
provided evidence [6] that agmatine’s toxicity profile is
very acceptable in rodents. The present results extend our
observations regarding the neuroprotective effects of agma-
tine in excitotoxic lesions by demonstrating neuroprotec-
tion in a clinically relevant model of SCI as well as
significant improvement in motor function. Importantly,
there was continuous improvement in locomotor function
for up to 30 days following cessation of agmatine treat-
ment. Collectively, this long-term efficacy and low toxicity
suggests that agmatine may be a promising therapeutic
target for treatment of acute spinal injury. Finally, the
cumulative evidence suggests that further investigation of
agmatine with respect to therapeutic index, synergy of
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effects, and comparison with other currently used pharma-
' cologic agents, e.g. MP, NBQX, interleukin-10, is war-
ranted.
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Beneficial effects of modest systemic hypothermia
on locomotor function and histopathological damage
following contusion-induced spinal cord injury in rats

CHEN GUANG YU, M.D., Pu.D., OMAR JIMENEZ, M.D., ALEXANDER E. MARCILLO, M.D.,
BRIAN WEIDER, M.D., KURT BANGERTER, M.D., W. DALTON DIETRICH, PH.D.,
SANTIAGO CASTRO, AND ROBERT P. YEZIERSKI, PH.D.

The Miami Project, and Departments of Neurological Surgery and Anatomy and Cell Biology,
and the Neuroscience Program, University of Miami, Miami, Florida

Object. Local spinal cord cooling (LSCC) is associated with beneficial effects when applied following ischemic or
traumatic spinal cord injury (SCI). However, the clinical application of LSCC is associated with many technical diffi-
culties such as the requirement of special cooling devices, emergency surgery, and complicated postoperative man-
agement. If hypothermia is to be considered for future application in the treatment of SCI, alternative approaches must
be developed. The objectives of the present study were to evaluate 1) the relationship between systemic and epidural
temperature after SCI; 2) the effects of modest systemic hypothermia on histopathological damage at 7 and 44 days
post-SCI; and 3) the effects of modest systemic hypothermia on locomotor outcome at 44 days post-SCI.

Methods. A spinal cord contusion (12.5 mm at T-10) was produced in adult rats that had been randomly divided
into two groups. Group 1 rats (seven in Experiment 1; 12 in Experiment 2) received hypothermic treatment (epidural
temperature 32-33°C) 30 minutes postinjury for 4 hours; Group 2 rats (nine in Experiment 1; eight in Experiment 2)
received normothermic treatment (epidural temperature 37°C) 30 minutes postinjury for 4 hours. Blood pressure, blood
gas levels, and temperatures (epidural and rectal) were monitored throughout the 4-hour treatment period. Twice week-
ly assessment of locomotor function was performed over a 6-week survival period by using the Basso-Beattie-
Bresnahan locomotor rating scale. Seven (Experiment 1) and 44 (Experiment 2) days after injury, animals were killed,
perfused, and their spinal cords were serially sectioned. The area of tissue damage was quantitatively analyzed from
16 longitudinal sections selected from the central core of the spinal cord.

Conclusions. The results showed that 1) modest changes in the epidural temperature of the spinal cord can be pro-
duced using systemic hypothermia; 2) modest systemic hypothermia (32~33°C) significantly protects against locomo-
tor deficits following traumatic SCI; and 3) modest systemic hypothermia (32-33°C) reduces the area of tissue dam-
age at both 7 and 44 days postinjury. Although additional research is needed to study the therapeutic window and
long-term benefits of systemic hypothermia, these data support the possible use of modest systemic hypothermia in the
treatment of acute SCL

KEy Worps + spinal cordinjury ¢ spinal cord ¢ locomotion ¢ hypothermia e
neuroprotection

plied in experimental SCI by Albin and colleagues.

Since this initial study the protective effects of local
hypothermia have been demonstrated in different experi-
mental models of SCI.822233148 Clinical studies of LSCC are
difficult to evaluate because they include only a few pa-
tients and lack randomized control groups.”*® In most ex-
perimental and clinical studies, the significant lowering (by

L ocAL spinal cord cooling was first successfully ap-

Abbreviations used in this paper: BaBeBr = Basso-Beattie-
Bresnahan; CNS = central nervous system; LSCC = local spinal
cord cooling; MABP = mean arterial blood pressure; SCI = spinal
cord injury; SEM = standard error of the mean.
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10°C) of spinal cord temperature presents many technical
difficulties.

If local cooling of the spinal cord is to be used as a treat-
ment for acute SCI, it will require special cooling devices,
emergency surgery, and complicated postoperative man-
agement.”**® On the other hand, modest systemic hypo-
thermia (30-33°C) has been shown to be an effective al-
ternative to LSCC, having beneficial effects on functional
and morphological outcome measures following ischemic
and traumatic brain injury.!+!719-21324 It can be conclud-
ed from these studies that the profound lowering of CNS
temperature is not necessary for neuroprotection of tissue
that is vulnerable to damage caused by the effects of trau-
matic or ischemic injury. Systemic hypothermia, even

85



moderate, prevents energy failure,’ reduces histopatholog-
ical damage,*“ and diminishes free radical activity and
extracellular levels of glutamate following brain injury.”
The application of systemic hypothermia also lessens
neurological deterioration resulting from brain trauma, "
improves neurological outcome following ischemic injury
to the rat spinal cord,’* and reduces polymorphonuclear
leukocyte accumulation following traumatic SCL.'®

Clinically, systemic hypothermia has been used to pre-
vent ischemic injuries during open heart surgery'® and as
a treatment modality following ischemic and traumatic
injury to the brain.?*# Moreover, the application of mild to
modest hypothermia has been demonstrated to be benefi-
cial in preventing tissue damage following traumatic SCL.*"
The importance of such findings is that, compared with
LSCC, modest systemic hypothermia provides a much
simpler approach by which the spinal cord can be cooled,
thus reducing the need for acute surgical intervention. If
effective, then modest systemic hypothermia could be used
to provide an immediate, on-site, noninvasive therapeutic
approach for acute SCI. The purpose of the present study
was to investigate, under controlled physiological condi-
tions, the influence of modest systemic hypothermia on
locomotor function and histopathological damage by using
a clinically relevant model of SCL> A preliminary descrip-
tion of this study has already been reported.”

Materials and Methods

Experimental procedures were approved and conducted in accor-
dance with the Guidelines of the Animal Care and Use Committee
of the University of Miami.

Experimental Design

The experimental design included an evaluation of the acute and
chronic effects of systemic hypothermia on morphological and be-
havioral outcome measures following traumatic SCI, which was
conducted in two separate series of experiments.

Experiment 1. In this phase we evaluated the relationship be-
tween systemic and epidural temperature after SCI and assessed the
effects of modest systemic hypothermia on histopathological dam-
age at 7 days post-SCIL

Experiment 2. In this phase we evaluated the effects of modest
systemic hypothermia on locomotor function and histopathological
damage at 44 days post-SCIL.

Surgical Preparation

After induction of halothane anesthesia (4% in 70% N,O, bal-
anced with O,), 36 female Sprague-Dawley rats (16 in Experiment
1 and 20 in Experiment 2) weighing 225 to 275 g had their necks
and backs shaved and scrubbed with betadine. Using aseptic tech-
niques, we created a midline cervical incision to expose the trachea.
Under direct visual exposure, the rats were intubated using a No. 14
French endotracheal tube. The wound was closed using surgical
clips. Anesthesia was continued with halothane (2% for insertion of
vascular catheters, 0.5% for trauma, hypothermia/normothermia,
and maintenance) via artificial ventilation at 60 cycles/minute and a
tidal volume of 3 ml (depending on blood gas measurements). The
antibiotic Crystiben (0.01 ml/100 g) was administered intramus-
cularly to prevent iatrogenic infection. A catheter was surgically
placed in the tail artery for withdrawal of blood, administration of
saline, and continuous monitoring of MABP. An important aspect
of the present study was the effort made to ensure constant physio-
logical conditions for all animals. Physiological parameters in-
cluding PO,, PCO,, and pH were maintained by adjusting the level
of anesthesia, respiratory rate, and end-tidal volume, and they were
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measured with a blood gas analyzer (Radiometer, ABL 330, Copen-
hagen, Denmark) every 2 hours in Experiment 1 and every hour in
Experiment 2.

Contusion Spinal Cord Injury

Traumatic SCI was produced in Experiments 1 and 2 following a
T-10 laminectomy. The animals were positioned in the weight-drop
apparatus (NYU Impactor). Two spinal clamps were attached to the
T8-9 and T11-12 spinal processes, respectively. A transducer was
placed at the site of the muscle near the spinal column, and the
impactor rod (10 g) was centered above T-10. The rod was slowly
lowered until contact with the dura was made, which was deter-
mined by completion of a circuit that resulted in an audible tone.
The spinal cord was then contused with the NYU weight-drop
device that released a 10-g rod from a height of 12.5 mm onto the
exposed spinal cord. Impact analysis of data, including the degree
of cord compression, velocity, duration of impact, and height of
weight drop, were recorded by a preset NYU impactor software
package.”” After trauma was induced, the rats were randomized to
hypothermia and normothermia treatment groups.

Hypothermia and Normothermia Treatment

Systemic temperature was controlled with a circulator water
pump connected to a Plexiglas chamber with two thermal blankets.
Fach rat was placed in the chamber and a flexible thermistor was
inserted in the rectum. Prior to induction of SCI, all animals were
maintained at a (rectal) temperature of 37°C by using a feedback-
controlled heating blanket. After induction of SCI, a small temper-
ature probe placed at the site of laminectomy in the epidural space
was used to monitor epidural temperature. Beginning 30 minutes
posttrauma, the rats were placed in the Plexiglas environmental
chamber to maintain rectal and epidural temperatures. For the nor-
mothermia group (nine in Experiment 1 and eight in Experiment 2),
the temperature was adjusted to maintain a temperature of 373 =
0.1°C in Experiment 1 and 37 = 0.1°C in Experiment 2 for 4 hours
post-SCL. For the hypothermia rat group (seven in Experiment 1 and
12 in Experiment 2), the temperature was adjusted to maintain an
epidural temperature of 33.1 * 0.2°C in Experiment 1 and 32 *
0.1°C in Experiment 2 for 4 hours. These differences in temperature
were not significantly different and were within the range repre-
senting moderate hypothermia. After each post-SCI treatment ses-
sion, the rats were housed in cages containing soft bedding and
treated with intramuscular injections of Crystiben every other day
for 7 days. The rats were checked daily, and bladders were palpat-
ed at least twice daily and emptied as required until they regained
reflex voiding.

Behavioral Assessment of Rats in Experiment 2

Open-field locomotor function was evaluated by obtaining the
BaBeBr locomotor score in animals in Experiment 2.* For a brief
period preoperatively, rats in Experiment 2 were exposed daily for
1 week to the behavioral testing facility to acclimate them to open-
field exploration. Each rat was tested for 4 minutes. Postoperative
open-field testing of animals in Experiment 2 occurred twice a week
starting on Day 2 postinjury and continuing to Day 44 postinjury.
Examiners were blinded to the type of postinjury treatment received
by each animal.

Histopathological Assessment

At 7 days (Experiment 1) and 44 days (Experiment 2) post-SCI,
rats were deeply anesthetized with sodium pentobarbital and per-
fused transcardially with isotonic saline for 5 minutes, followed by
a mixture of 4% formaldehyde, glacial acetic acid, and methanol
1:1:8 by volume for 30 minutes. Spinal cords were removed and
embedded in paraffin in 16 to 18 mm-long blocks that contained the
contusion epicenter as well as noninjured tissue at the end of each
block. Each block was serially sectioned (longitudinally) at 10 pm.
Sections were stained with hematoxylin and eosin for histopatho-
logical analysis. Sixteen sections obtained from the “central core”
of the spinal cord were studied with light microscopy, and recon-
structions of the longitudinal area of tissue damage in these sections
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Fic. 1. The location of sections sampled for the quantitative analysis of tissue damage resulting from weight-drop
injury. Sixteen longitudinal sections from the middle of the spinal cord (shaded area in upper) were selected for analy-
sis.  Left: Longitudinal representation of the spinal cord, showing the rostrocaudal extent of the primary (black) and sec-
ondary (dashed lines) injury as well as intact tissue at each end of the block. The area highlighted by the diagonal lines

represents the location of sections sampled for analysis.

Right: Cross-sectional representation of the cord, showing the

location of sections selected from the “central core” of the cord. Each section contained a representative sample of white

and gray matter.

were made with the aid of an overhead projector. The area of tissue
damage in each section was quantitatively determined using com-
puter-aided image analysis. The investigator conducting this evalu-
ation was blinded to the type of postinjury treatment received by the
rat. The total area of tissue damage in the 16 sections analyzed was
then computed. The method of selecting sections from the middle of
the cord (Fig. 1) was used because: 1) the middle sections of the
spinal cord were of high histological quality in contrast to the upper
and lower sections of the cord, which were usually of poor quality
due to the effects of the contusive injury and/or the presence of arti-
facts due to histological processing; 2) sampling the same number
of sections (16) obtained in the center of the cord ensured consis-
tency in the way the analysis was performed; and 3) the 16 sections
analyzed contained varying proportions of white and gray matter,
thereby providing a representative sampling of these two anatomi-
cal regions of the spinal cord.

Statistical Analysis

All data are expressed as a mean = SEM and analyzed using a
commercially available computer program (StatView). For each rat,
BaBeBr scores were averaged to yield one score per test session.
Physiological data, BaBeBr scores, and total area of damage were
compared between the normothermia and hypothermia groups at
the same time point by using one-way analysis of variance and
Fisher’s protected least-significant difference test. Differences were
considered to be statistically significant at p < 0.05.

Results

Experiment 1

Physiological Data and Contusion Parameters. An impor-
tant objective in this study was to maintain MABP, blood
gas levels, and pH within normal physiological ranges
throughout all experimental procedures. As shown in Table
1, there were no significant differences in these parameters
observed at any of the time points evaluated. There were
also no significant differences observed among any of the
pre- and postcontusion parameters recorded prior to and
during the weight-drop procedure (Table 2).

Relationship Between Epidural and Rectal Temperatures.
The baseline rectal and epidural temperatures measured
pre-SCI were 36.7 = 0.36 and 34.5 = 0.5°C, respectively.
On average the epidural pre-SCI temperature was 2.2°C
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less than rectal temperature. In the normothermic rat
group, rectal and epidural temperatures were maintained
at37 = 0.1°C and 37.3 %= 0.1°C, respectively, for a 4-hour
period posttrauma. On average, the epidural temperature
post-SCI was 0.3°C higher than the rectal temperature.
The rectal and epidural temperatures in rats receiving
hypothermic treatment were lowered to 32.2 + 0.1°C and
33.1 = 0.2°C, respectively, 30 minutes posttrauma for 4
hours. On average, the epidural temperature post-SCI
recorded in this group was 0.9°C higher than the rectal
temperature. The average difference between the two
treatment groups was 4.8°C for rectal and 4.2°C for epi-
dural temperatures.

Histopathological Assessment. A summary of the histo-
pathological outcome of rats tested in Experiment 1 is
shown in Figs. 2 and 3. Analysis of the results showed
that there was significant tissue damage at 7 days after

TABLE 1

Physiological data in 16 rats in which spinal cord sections
were obtained 7 days postinjury (Experiment 1)*

Parameter Hypothermia Normothermia p Valuet
pretrauma
MABP 1225 £ 25 120.0 = 0.0 NS
pH 7.45 = 0.02 7.43 = 0.01 NS
PCO, 37215 367+ 1.6 NS
PO, 205.0 = 34.8 192.1 = 18.1 NS
2 hrs posttrauma
MABP 130.0 = 10.0 123.8 + 6.3 NS
pH 741 = 0.03 7.37 £0.01 NS
PCO, 39.5 2.1 399+ 1.1 NS
PO, 176.8 = 153 1984 £ 12.5 NS
4 hrs posttrauma
MABP 128.0 = 12.0 122.4 = 8.5 NS
pH 7.36 = 0.03 7.37 £ 0.01 NS
PCO, 440 = 3.1 413+ 1.0 NS
PO, 2225 %*293 1723 £12.5 NS

*Values are presented as the mean = SEM. Abbreviation: NS = not sig-
nificant.

‘tAccording to one-way analysis of variance and Fisher’s protected least-
significant difference test.
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TABLE 2

Contusion parameters in 16 rats in which spinal cord sections
were obtained 7 dats postinjury (Experiment 1)*

Parameter Hypothermia Normothermia  p Valuet
compression 1.76 £ 0.12 1.81 = 0.06 NS
height (mm) 126 £ 0.5 122 £ 0.2 NS
velocity (m/sec) 047 = 0.02 046 = 0.12 NS
duration of impact (msec) 52028 498 + 1.6 NS

* Values are presented as the mean = SEM.
+According to one-way analysis of variance and Fisher’s protected least-
significant difference test.

traumatic SCI in the normothermia-treated rats. In rats
receiving hypothermic treatment significantly less tissue
damage was demonstrated compared with the normother-
mia-treated group (p < 0.01; Fig. 2). The effects of hypo-
thermia resulted in a 31.7% decrease in the total area of
tissue damage compared with that found in the normother-
mia-treated group. An example of the histopathological dif-
ference between the normothermia- and hypothermia-treat-
ed groups is shown in sections shown in Fig. 3A and B.

Experiment 2

Physiological Data and Contusion Parameters. All phys-
iological data including MABP, PCO,, PO,, and pH were
maintained within normal ranges throughout all experi-
mental procedures (Tables 3 and 4). It should to be noted
that the MABP in the hypothermia-treated group (for the
4-hour treatment period) was higher than in the normo-
thermia-treated group (99 = 3.7 mm Hg and 78.8 = 3.1
mm Hg, respectively, p < 0.01). No significant differ-
ences in contusion parameters were found between the
two treatment groups (Table 4).

Behavioral Assessment. Immediately after SCI, rats dem-
onstrated flaccid paralysis. In the normothermia-treated
group few or no hindlimb movements were observed at 5
days posttrauma, and a gradual recovery was seen over the
next 2 weeks. By 3 weeks posttrauma, most animals were
stepping consistently but lacked forelimb-hindlimb coor-
dination. There was no behavioral improvement in nor-
mothermia-treated animals between Weeks 3 to 6 post-
trauma. Nine days after injury, locomotor performance
scores in animals receiving hypothermic treatment were
significantly increased over those exposed to normother-
mic treatment (p = 0.0099). This trend continued through-
out the duration of the evaluation period (Fig. 4). On Day
44 after injury, the final mean BaBeBr score for hypother-
mia-treated animals was significantly higher than that of
normothermia-treated animals (13.3 = 0.47 and 10.8 *
0.44, respectively; p = 0.0024; Fig. 5).

Histopathological Assessment. Analysis of the results
showed that there was significant tissue loss at 44 days after
SCI in the normothermia-treated group (Fig. 3C). Following
treatment with hypothermia a cavitary lesion within the
spinal cord was still observed (Fig. 3D), but the total area of
damage was significantly less than that in rats exposed to
normothermia at 44 days postinjury (p < 0.01, Fig. 6).
There was a 15.8% difference between the rats receiving
hypothermic and normothermic treatment. Examples of sec-
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200 - [J Normothermia (n=9) 1
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Fic. 2. Bar graph showing the area of tissue damage following

hypothermia or normothermia treatment. The hypothermia-treated

rats received treatment (32-33°C) 30 minutes after trauma for 4

hours. Normothermia-treated rats received treatment (37°C) 30

minutes after trauma for 4 hours. Data are presented as mean *
standard error of the mean. **p < 0.01.

tions obtained in animals in the normothermia- compared
with hypothermia-treated groups are shown in Fig. 3C and
D, respectively.

Discussion

The results of this study have shown that the NYU
weight-drop device*?” produces reliable contusion injuries
with reproducible anatomical characteristics and behavioral
deficits. Our results support the conclusions drawn in pre-
vious studies that this model is useful in testing the pre-
clinical efficacy of therapeutic strategies for clinical ap-
plication. In the present study, we have demonstrated the
beneficial effects that are conferred by modest systemic hy-
pothermia delivered for a period of 4 hours after injury on
functional and morphological outcome measures in the rat.

Epidural Temperature and Systemic Hypothermia

In this study epidural temperature was effectively low-
ered (32-33°C) by whole-body cooling. Several approach-
es have been used to lower spinal cord temperature, includ-
ing profound whole-body hypothermia, selective cooling of
the epidural or intrathecal space, or perfusion of the spinal
cord.? Profound whole-body hypothermia treatment has
several potential complications including the induction of
undesirable changes in clotting, pulmonary, or cardiovascu-
lar function.!® On the other hand, LSCC has been shown to
be effective in the lowering of spinal temperature and in the
treatment of experimental SCL#223314 Similar beneficial
results have been reported in some clinical studies, but
LSCC studies are difficult to evaluate because they often
include relatively few patients and lack randomized control
groups.’’** In most experimental and clinical studies in
which investigators use LSCC, temperature was signifi-
cantly lowered (by approximately 10°C), but the clinical
application of this technique has many technical difficulties,
requiring special cooling devices, emergency surgery, and
complicated postoperative management.*** Additionally,
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FiG. 3. Photomicrographs of histological sections obtained in the spinal cords of animals that received contusion
injury. Tissue damage in normothermic animals is shown at 1 week (A) and 6 weeks (C) following injury. Treatment
with modest hypothermia starting 30 minutes after moderate traumatic injury for 4 hours reduced the lesion area at 1
week (B) and 6 weeks (D). Note the reduced area of tissue damage (B) and size of cavity (D) following hypothermia.
H & E, original magnification X 25.

the high mortality rates reported in some studies are a major
concern for clinical application.

Previous findings related to the neuroprotective effects
of moderate systemic hypothermia (30-33°C) following
brain ischemia and trauma may be applicable to SC1.*° An
important question, however, is whether modest tempera-
ture changes in the spinal cord can be produced via sys-
temic hypothermia. For this reason it was important to
determine the relationship between systemic (rectal) and
epidural temperatures. In the present study, the epidural
temperature recorded in the hypothermic group was ap-
proximately 1° (0.9°C) higher after SCI, compared with
systemic (rectal) temperature in the same group. In the
normothermia-treated group, however, this difference was
only 0.3°C higher than the systemic temperature. These
data suggest that systemic temperature is a close approxi-
mation of spinal cord temperature and that application of
systemic hypothermia is an effective and simple strategy
for lowering spinal cord temperature.

Histopathological Outcome of Modest Systemic
Hypothermia

The morphological results of the present study showed
that modest hypothermia has neuroprotective effects on
histopathological damage following contusion-induced
SCI. The morphological changes associated with traumat-
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ic SCI in the rat have been well characterized.>?44 Qur
results have shown that following normothermic treat-
ment, there was significant tissue damage that included
hemorrhagic necrosis, cell loss, axonal swelling, and vac-
uolization, particularly in the gray matter, at both 1 week
and 6 weeks post-SCL. The acute damage observed at the
injury epicenter was located centrally in the spinal cord
but progressed outwardly and rostrocaudally to involve
adjacent areas of gray and white matter.>? In the hypo-
thermia-treated group, sparing of gray and white matter
occurred at both 7 days and 44 days post-SCI, and the ros-
trocaudal extent of total tissue damage was significantly
reduced. Although no efforts were made to distinguish
between the protective effects of hypothermia on white
compared with gray matter, the effects observed on loco-
motor function, as reflected by BaBeBr scores, suggest
that hypothermic treatment had a significant effect on
white matter regions of the spinal cord.

To establish a meaningful relationship between hypo-
thermia and normothermia treatment groups as well as to
determine the morphological correlate for the behavioral
improvement observed in rats receiving hypothermia
treatment, it was imperative to quantify the amount of tis-
sue damage in animals undergoing different post-SCI
therapies. Several investigators have developed methods
by which to quantify the amount of tissue damage follow-
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TABLE 3

Physiological data in 20 rats in which spinal cord sections
were obtained 44 days postinjury (Experiment 2)*

C.G. Yu, et al.

TABLE 4

Contusion parameters measured in 20 rats in which spinal cord
sections were obtained 44 days postinjury (Experiment 2)*

Variable Hypothermia Normothermia p Valuet Parameter Hypothermia Normothermia p Valuet
pretrauma compression 1.62 = 0.05 1.57 £ 0.06 NS
epidural temp 345*+03 350%0.2 NS height (mm) 12. £0.1 12.3 = 0.1NS
rectal temp 36.7 = 0.1 36.7 = 0.1 NS velocity (m/sec) 0.4 £ 0.010.49 = 0.01 NS
MABP 95.6 =29 86.7 = 4.7 NS time (msec) 46.8 = 1.247.6 = 1.6NS
11;1(_:102 Z; ; i (1)21 Z; ; i (1)21 ﬁg ;Vallies are presented as the mean + SEM. Abbreviation: NS = not sig-
nincant.
1 }f: %%sttrauma 1396 = 6.1 139.7 = 17.1 NS "rA.c.cordin.g to one-way analysis of variance and Fisher’s protected least-
epidural temp 32,0 £ 0.1 371+01  <0.001 significant difference test.
rectal temp 316 = 0.1 37.0 0.1 <0.001
MABP 100.0 * 3.5 822+ 43 <0.005
gg o ;74? - (1)'22 ;-9“? = ‘1121 Eg aspartate antagonist and inducible nitric oxide synthase
PO, 2 1297 + 96 1393 + 117 NS inhibitor, on morphological and functional outcome fol-
3 NEXT 3+ 1L . 5
2 hr posttrauma lowmg SCL
epidural temp 32.0 = 0.1 37.0 = 0.1 <0.001
rectal temp 31.6 = 0.2 37.0 = 0.1 <0.001 Behavioral Recovery and Modest Systemic Hypothermia
giIABP 13% i (3):(3)1 ;_54'2 i (2):31 <(131'(5)01 The behavioral results obtained in rats in the present
PCO, 389 + 1.0 37.8 + 1.7 NS study demonstrated that the time course of locomotor re-
PO, 140.4 9.2 148.4 = 11.1 NS covery in the normothermia-treated group was similar to
3 hr posttrauma that found in previous studies in the rat following moderate
epidural temp 3.9 > 0.1 37000  <0.001 injury.*# The BaBeBr locomotor score used in this study is
ﬁi‘g;‘emp géi " g'é 2(7)'8 " g'é zg’g(ln a multiple function test of motor outcome that provides an
pH 741 + 001 740 + 001 NS efficient, expanded, and unambiguous locomotor rating.>*
PCO, 382 + 1.1 30.8 + 1.2 NS The BaBeBr scores differ from other motor scoring sys-
PO, 1383 + 8.6 150.9 * 8.8 NS tems in several respects. First, the score is not a summation
4 hr posttrauma ' of component behaviors. Each BaBeBr score requires ful-
epidural temp 320+0.1 37.0 £ 0.1 <0.001 fillment of a unique set of criteria. Second, the scores en-
rectal temp 37201 36901 <0001 compass many behavioral traits and represent a detailed
MABP 96.3 + 4.1 77.2 2.8 <0.01 A ) h
pH 741 = 001 740 + 0.01 NS characterization of rat locomotor function. In this study, 1
PCO, 377+ 08 39.9 + 0.8 NS week after injury, ratings of motor performance in rats re-
PO, 1443 =95 152.1 = 8.3 NS ceiving hypothermia treatment were significantly increased
*Values are presented as the mean * SEM. Abbreviation: temp = tem- over those exposed to normothprrma treatment. This tl’eI_ld
perature. continued throughout the duration of the study, and the dif-

+According to one-way analysis of variance and Fisher’s protected least-
significant difference test.

ing SCI including: 1) lesion volume'" and 2) percentage
of spared spinal cord tissue.>*** In the present study we
used a histopathological method that relied on the selec-
tion of 16 longitudinal sections from the middle of the
spinal cord. There are several major advantages to this
approach: the selected sections from the “central core” of
the cord included representative regions of white and gray
matter; the use of longitudinal sections make it possible
to visualize the full rostrocaudal extent of the injury; the
central cord region is typically the region affected most
by contusion injury of the cord; and the middle sections
of the cord were of high quality. Using the central core
method of analysis our results support the conclusion that
modest systemic hypothermia has beneficial effects on
histopathological damage following contusion-induced
SCI. The mean sum of damaged areas demonstrated in
hypothermia-treated animals were significantly less than
those in the normothermia-treated group at both 1 week
and 6 weeks post-SCI. Additional validation of this tech-
nique derives from studies in our laboratory that have
shown the beneficial effects of agmatine, an N-methyl-D-

920

-@- Hypothermia (n=12)
14 - —4— Normothermia (n=8) *

13 - *%k %

Mean BBB Score
3

2 5 9 12 16 19 23 26 30 33 37 40 44

Day Post-Trauma

Fic. 4. Graph showing time course of locomotor recovery as
measured by BaBeBr scores following hypothermic and normo-
thermic treatment. Mean BaBeBr scores obtained in animals
receiving modest hypothermia (32-33°C) 30 minutes after trauma
for 4 hours are represented by the filled circles and normothermia
(37°C) are represented by triangles. Data are presented as mean *
SEM. *p < 0.05; **p < 0.01.

J. Neurosurg: Spine / Volume 93 / July, 2000




Hypothermia after spinal cord injury

B-B-B SCORE AT DAY 44

16 - " H Hypothermia (n=12)

[J Normothermia (n=8)

Mean BBB Score

Day 44 Post-Trauma

FiG. 5. Bar graph illustrating the final BaBeBr scores following
normothermic and hypothermic treatment. The hypothermia group
received treatment (32-33°C) 30 minutes after trauma for 4 hours.
The normothermic group received normothermia (37°C) 30 min-
utes after for 4 hours. Data are represented as mean = SEM. There
was a significant difference between the final BaBeBr scores fol-
lowing hypothermic as compared with normothermic treatment.
*#p < 0.01.

ference became larger over the 6-week evaluation period.
On Day 44 after injury, the final mean BaBeBr score for
animals in the hypothermia-treated group was significantly
higher than that in normothermia-treated rats. These results
are consistent with those reported in previous studies in
which application of systemic hypothermia was shown to
be protective against brain and spinal cord ischemia caused
by vascular occlusion.* To our knowledge, this is the first
systematic evaluation in which the beneficial effects of
modest (32-33°C), systemic hypothermia are shown on
morphological and behavioral outcomes following trau-
matic SCI.

Mechanisms of Modest Systemic Hypothermia-Mediated
Protection

The mechanisms of hypothermia-mediated protection
against histopathological damage and locomotor func-
tion following contusion-induced SCI are not understood.
Several possibilities have been suggested.?! Early specula-
tion was based on the reduction in tissue metabolic and oxy-
gen requirements that occurs when CNS tissue is cooled.”
Since the mid-1950s and late 1970s the application of hy-
pothermia has been demonstrated to protect against the loss
of phosphocreatinine, accumulation of lactate, and decrease
of cerebral oxygen consumption as well as lowering the rate
of cerebral adenosine triphosphate depletion following
the interruption of cerebral circulation.?%33%4 During the
1980s and 1990s, experimental studies and clinical observa-
tions showed that brain and spinal cord lesions are greatly
enlarged by secondary injury.

Although the molecular and cellular mechanisms un-
derlying secondary injury are still not clearly understood,
evidence suggests that hypothermia influences several
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FIG. 6. Bar graph depicting the area of damage following
weight-drop injury and treatment with hypothermia or normother-
mia. The hypothermia-treated rats received treatment (32-33°C) 30
minutes after trauma for 4 hours. The normothermia-treated rats
received treatment (37°C) 30 minutes after trauma for 4 hours.
Data are represented as mean *+ SEM. There was a significant dif-
ference in the final area for the two treatment groups. **p << 0.01.

changes responsible for this component of injury. For
example, hypothermia attenuates the production of oxy-
gen free radicals,” suppresses release of the excitatory
amino acid neurotransmitter glutamate,-*¢ reduces intra-
cellular calcium overload,? prevents loss of microtubule-
associated protein—247 and the delayed induction of in-
ducible nitric oxide synthase,’* diminishes induction of
interleukin-1f3 messenger RNA,* and inhibits inflamma-
tory responses®! as well as lowers lipid peroxidation.* In a
recent SCI study we have shown that another potential
contributing factor to the effects of hypothermia is the re-
duction of posttraumatic inflammation.'® In this study
we observed a significant reduction in the accumulation
of polymorphonuclear leukocytes following hypothermic
treatment. In addition, various investigators have demon-
strated significant reductions in spinal cord blood flow
following traumatic SCL.>” Cooling the spinal cord could
therefore have an effect on the degree of posttraumatic
hypoperfusion.’’ In the present study, hypothermia-treated
rats had a higher MABP than normothermia-treated rats.
Similar results have been reported in the study by Mans-
field and colleagues.’® The increased MABP may have
improved spinal cord blood flow in injuried regions with
impaired autoregulation, thereby reducing ischemia in the
early posttrauma period.*

Although the mechanism for the beneficial effects of
hypothermia are not entirely understood, the fact remains
that this intervention has a significant impact on the patho-
logical and functional state of injured CNS tissue. To un-
derstand further the full scope of effects provided by hy-
pothermia it will be important in the future to determine
whether increasing the duration of postinjury hypothermia
treatment offers any additional beneficial effects and whe-
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ther it is possible to enhance the pharmacological effects
or widen the therapeutic window of interventions by us-
ing such agents as methylprednisolone® or interleukin-10.”
If the effects of immediate post-SCI hypothermia include
broadening the therapeutic window for other interventions,
this could provide an important benefit for patients in
whom immediate surgical intervention is not possible.
However, before modest systemic hypothermia can be used
clinically, it will be important to determine the therapeutic
window, optimal duration of hypothermic treatment post-
SCI, and the ability of hypothermia to increase therapeu-
tic efficacy of currently used agents such as treatment with
methylprednisolone.

Conclusions

It is concluded that: 1) modest temperature changes in
the spinal cord can be produced via systemic hypothermia;
2) modest systemic hypothermia (32-33°C) significantly
protects against behavioral deficits following traumatic
SCI; and 3) modest systemic hypothermia significantly re-
duces the area of tissue damage at both 7 and 44 days post-
injury. The results lend support for the continued investiga-
tion into the therapeutic benefits of hypothermia delivered
at different time points, for different durations, and in com-
bination with pharmacological agents following injury.

Acknowledgments

The authors would like to thank Rob Camarena for his photo-
graphic assistance, Miriam Naranges for secretarial assistance, and
Gladys Ruenes and Dimarys Sanchez for their expert technical
assistance.

References

1. Albin ME, White RJ, Lock GS: Localized spinal cord hypother-
mia. Anesth Anal 46:8-16, 1967

2. Araki N, Greenberg JH, Sladky JT: Effects of mild hypothermia
on the changes of intracellular calcium in focal ischemia. J
Cerb Blood Flow Metab 11 (Suppl 2):5843, 1991

3. Basso DM, Beattic MS, Bresnahan JC: A sensitive and reliable
locomotor rating scale for open field testing in rats. J Neuro-
trauma 12:1-21, 1995

4. Basso DM, Beattie MS, Bresnahan JC: Graded histological and
locomotor outcome after spinal cord contusion using the NYU
weight-drop device versus transection. Exp Neurol 139:
244-256, 1996

5. Behrmann DL, Bresnahan JC, Beattie MS: Spinal cord injury
produced by consistent mechanical displacement of the cord
in rats; behavioral and histologic analysis. J Neurotrauma 9:
197-217, 1992

6. Berntman L, Welsh FA, Harp JR: Cerebral protective effect of
low-grade hypothermia. Anesthesiology 55:495-498, 1981

7. Bethea JR, Nagashima H, Acosta MC, et al: Systemically ad-
ministered interleukin-10 reduces tumor necrosis factor-alpha
production and significantly improves functional recovery fol-
lowing traumatic spinal cord injury in rats. J Neurotrauma 16:
851-863, 1999

8. Black P, Markowitz RS: Experimental spinal cord injury in
monkeys: comparison of steroids and local hypothermia. Surg
Forum 22:409-411, 1971

9. Bracken, MP, Shepard, MJ, Holford, TR, et al: Administration
of methylprednisolone for 24 or 48 hours or tirilazad mesylate
for 48 hours in the treatment of acute spinal cord injury. Results
of the Third National Acute Spinal Cord Injury Randomized

92

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

C.G. Yu, et al.

Controlled Trial. National Acute Spinal Cord Injury Study.
JAMA 277:1597-1604, 1997

Braimbridge MV: Myocardial protection of hypothermia and car-
dioplegia, in Taylor KM (ed): Cardiopulmonary Bypass—
Principles and Management. London: Chapman & Hall, 1986,
pp 385-398

Bramlett HM, Green EJ, Dietrich WD, et al: Posttraumatic brain
hypothermia provides protection from sensorimotor and cogni-
tive behavioral deficits. J Neurotrauma 12:289-298, 1995
Bresnahan JC, Beattie MS, Stokes BT, et al: Three-dimension-
al computer-assisted analysis of graded contusion lesions in the
spinal cord of the rat. J Neurotrauma 8:91-101, 1991
Bresnahan JC, Beattie MS, Todd FD 111, et al: A behavioral and
anatomical analysis of spinal cord injury produced by a feed-
back-controlled impaction device. Exp Neurol 95:548-570,
1987

Busto R, Dietrich WD, Globus MY, et al: Small differences in
intraischemic brain temperature to critically determine the ex-
tent of ischemic neuronal injury. J Cereb Blood Flow Metab
7:729-738, 1987

Chatzipanteli KO, Wada K, Busto R, et al: Effects of moderate
hypothermia on constitutive and inducible nitric oxide synthase
activities after traumatic brain injury in the rat. J Neurochem
72:2047-2052, 1999

Chatzipanteli KO, Yanagawa, Y, Marcillo, A, et al: Hypother-
mia reduces polymorphonuclear leukocyte accumulation fol-
lowing traumatic spinal cord injury in rats. J Neurotrauma 17:
321-332, 2000.

Clifton GL, Jiang JY, Lyeth BG, et al: Marked protection by
moderate hypothermia after experimental traumatic brain in-
jury. J Cereb Blood Flow Metab 11:114-121, 1991

Cooley DA, Ott DA, Frazier OH, et al: Surgical treatment of
aneurysms of the transverse aortic arch: experience with 25 pa-
tients using hypothermic technigues. Ann Thorac Surg 32:
260-272, 1981

Dietrich WD: The importance of brain temperature in cerebral
injury. J Neurotrauma 9 (Suppl 2):5475-5485, 1992
Dietrich WD, Alonso O, Busto R: Post-traumatic brain hypo-
thermia reduces histopathological damage following concus-
sive brain injury in the rat. Acta Neuropathol 87:250-258,
1994

Dietrich WD, Busto R, Mordecai YT, et al: Brain damage and
temperature: cellular and molecular mechanisms, in Siesjo BK,
Weiloch T (eds): Advances in Neurology. Philadelphia: Lip-
pincott-Raven, 1996, Vol 71, pp 177-197

Ducker TB, Hamit HF: Experimental treatments of acute spinal
cord injury. J Neurosurg 30:693-697, 1969

Eidelberg E, Staten E, Watkins CJ, et al: Treatment of experi-
mental spinal cord injury in ferrets. Surg Neurol 6:243-246,
1976

Ginsberg MD, Sternau LL, Globus MY, et al: Therapeutic mod-
ulation of brain temperature: relevance to ischemic brain injury.
Cerebrovasc Brain Metab Rev 4:189-225, 1992

Globus MY, Alonso O, Dietrich WD, et al: Glutamate release and
free radical production following brain injury: effects of post-
traumatic hypothermia. J Neurochem 65:1704-1711, 1995
Goss JR, Styren SD, Miller, PD, et al: Hypothermia attenuates
the normal increase in interleukin 1 beta RNA and nerve
growth factor following traumatic brain injury in the rat. J Neu-
rotrauma 12:159-169, 1995

Gruner JA: A monitored contusion model of spinal cord injury
in the rat. J Neurotrauma 9:123-128, 1992

Hagerdal M, Harp J, Nilsson L, et al: The effect of induced
hypothermia upon oxygen consumption in the rat brain. J Neu-
rochem 24:311-316, 1975

Hagerdal M, Welsh FA, Ykhan KE, et al: Protective effects of
combinations of hypothermia and barbiturates in cerebral hy-
poxia in the rat. Anesthesiology 49:165-169, 1978

Hansebout RR: Spinal injury and spinal cord blood-flow: the

J. Neurosurg: Spine / Volume 93 / July, 2000




Hypothermia after spinal cord injury

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

effect of early treatment and local cooling, in Ills LS (ed): Spi-
nal Cord Dysfunction: Intervention and Treatment. Oxford:
Oxford University Press, 1992, pp 59-76

Kelly DL Jr, Lassiter KR, Calogero JA et al: (1970). Effects of
local hypothermia and tissue oxygen studies in experimental
paraplegia. J Neurosurg 33:554-563, 1970

Koizumi H, Povlishock JT: Posttraumatic hypothermia in the
treatment of axonal damage in an animal model of traumatic
axonal injury. J Neurosurg 89:303-309, 1998

Kramer RS, Sanders AP, Lesage A.M, et al: The effects of pro-
found hypothermia on preservation of cerebral ATP content
during circulatory arrest. J Thorac Cardio Surg 56:699-709,
1968

Liu S, Ruenes GL, Yezierski RP: NMDA and non-NMDA re-
ceptor antagonists protect against excitotoxic injury in the rat
spinal cord. Brain Res 756:160-167, 1997

Mansfield RT, Schiding JK, Hamiltom RL, et al: Effects of hy-
pothermia on traumatic brain injury in immature rats. J Cereb
Blood Flow Metab 16:244-252, 1996

Marsala M, Vanicky I, Yaksh TL: Effects of graded hypother-
mia (27 degrees to 34 degrees) on behavioral function, histo-
pathology, and spinal blood flow after spinal ischemia in rat.
Stroke 25:2038-2046, 1994

Martinez-Arizala A, Green BA: Hypothermia in spinal cord
injury. J Neurotrauma 9 (Suppl 2):S497-S505, 1992

Means ED, Anderson DK, Waters, et al: Effect of methylpred-
nisolone in compression trauma to the feline spinal cord. J
Neurosurg 55:200-208, 1981

Michenfelder JD, Theye RA: The effects of anesthesia and
hypothermia on canine cerebral ATP and lactate during anoxia
produced by décapitation. Anesthesiology 33:430-439, 1970
Minamisawa H, Nordstrom CH, Smith ML, et al: The influence
of mild body and brain hypothermia on ischemic brain damage.
J Cereb Blood Flow Metab 10:365-374, 1990

"Natale JA, D’ Alecy LG: Protection from cerebral ischemia by

brain cooling without reduced lactate accumulation in dogs.
Stroke 20:770-777, 1989

Noble LJ, Wrathall JR: Correlative analyses of lesion develop-
ment and functional status after graded spinal cord contusive
injuries in the rat. Exp Neurol 103:34-40, 1989

Noble LJ, Wrathall JR: Spinal cord contusion in the rat: mor-

J. Neurosurg: Spine / Volume 93 / July, 2000

o

45.

46.

47.

48.

49.

50.

51.

52.

phometric analyses of alterations in the spinal cord. Exp Neu-
rol 88:135-149, 1985

. Rivlin AS, Tator CH: Objective clinical assessment of motor

function after experimental spinal cord injury in the rat. J Neu-
rosurg 47:577-581, 1977

Robertson CS, Folz R, Grossman RG, et al: Protection against
experimental ischemic spinal cord injury. J Neurosurg 64:
633-642, 1986

Rosomoff HL, Holaday DA: Cerebral blood flow and cerebral
oxygen consumption during hypothermia. Am J Physiol 179:
85-88, 1954

Taft WC, Yang K, Dixon CE, et al: Hypothermia attenuates the
loss of hippocampal microtubule-associated protein 2 (MAP2)
following traumatic brain injury. J Cereb Blood Flow Metab
13:796-802, 1993

Tator CH, Deecke L: Value of normothermic perfusion, hypo-
thermic perfusion, and durotomy in the treatment of experi-
mental acute spinal cord trauma. J Neurosurg 39:52-64, 1973
Tuzgen S, Kaynar MY, Guner A, et al: The effects of epidural
cooling on lipid peroxidation after experimental spinal cord in-
jury. Spinal Cord 36:654-657, 1998

Westergren H, Holtz A, Farooque M, et al: Systemic hypother-
mia after spinal cord compression injury in the rat: does record-
ed temperature in accessible organs reflect the intramedullary
temperature in the spinal cord? J Neurotrauma 15:943-954,
1998

Whalen MJ, Carlos TM, Clark RS, et al: The effect of brain
temperature on acute inflammation after traumatic brain injury
in rats. J Neurotrauma 14:561-572, 1997

Yu CG, Marcillo AE, Dietrich WD, et al: Beneficial effects of
hypothermia and/or agmatine on locomotor outcome following
contusion spinal cord injury. Soc Neurosci Abstr 25:1443, 1999

Manuscript received December 15, 1999.

Accepted in final form March 20, 2000.

This study was supported by United States Army Grant No.
DAMD17-97-1-7010 to Dr. Yezierski.

Address reprint requests to: Robert P. Yezierski, Ph.D., The Mi-
ami Project, 1600 NW 10th Avenue, R-48, Miami, Florida 33136.
email: ryezierski@miami.edu.

93



JOURNAL OF NEUROTRAUMA
Volume 16, Number 5, 1999
Mary Ann Liebert, Inc.

Neuroprotective Effects of Basic Fibroblast Growth Factor
Following Spinal Cord Contusion Injury in the Rat
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ABSTRACT

Cytokines and neurotrophic factors have been implicated in the pathophysiology of injury to the
central nervous system. While some cytokines are considered pro-inflammatory, other factors pro-
mote neuronal growth and survival. The present study investigated the neuroprotective effects of
interleukins 1 (IL-1), 4 (IL-4), and 6 (IL-6), nerve growth factor (NGF), ciliary neurotrophic factor
(CNTF), and basic fibroblast growth factor (bFGF) in a contusion model of spinal cord injury. Fe-
male Sprague-Dawley rats (n = 55) sustained a 10-g weight-drop injury to the lower thoracic spinal
cord (T10) from a height of 12.5 mm using the NYU impactor. A micro-infusion system (Alzet
minipump) was used to continuously deliver drugs or vehicle directly into the epicenter of the con-
tused spinal cord starting 1 or three h postinjury. At the end of 7 days, animals were perfused and
the cords removed for histopathological analysis. Longitudinal serial sections were cut on a freez-
ing microtome and stained with cresyl violet. Areas of central necrosis, partial preservation, and to-
tal zone of tissue injury were identified and traced by an independent reviewer using a computer
based imaging system. The mean total zone of injury in five animals receiving vehicle infusion was
18.04 = 4.20 mm3. The mean zone of partial preservation in these animals was 16.46 * 3.32 mm.
Basic fibroblast growth factor reduced the total zone of injury by 33% [p < 0.01, least significant
difference (LSD) of Fisher] in five animals and the zone of partial preservation by 32% (p < 0.01,
LSD of Fisher) when compared to controls. There were trends toward reduction in total zone of in-
jury and zone of partial preservation in rats treated with IL-4, CNTF, and NGF versus vehicle;
however, none of these reached statistical significance. No significant differences were observed be-
tween animals receiving vehicle versus bFGF treatment commencing 3 h after injury. These data
demonstrate that the continuous intramedullary infusion of bFGF initiated one hour after moder-
ate contusion injury of the spinal cord significantly reduces the total zone of injury and the zone of
partial preservation. These results support the further investigation and possible future clinical ap-
plication of bFGF in the treatment of acute spinal cord contusion injury.

Key words: ciliary neurotrophic factor; cytokine; interleukin-4; nerve growth factor; neurotrophic factor

Department of Neurological Surgery and The Miami Project to Cure Paralysis, University of Miami School of Medicine, Mi-
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INTRODUCTION

THE INITIAL TRAUMA INDUCED BY INJURY together with
a complex cascade of events following injury deter-
mine the degree of total tissue damage and the ultimate
neurological outcome following spinal cord injury (SCI).
Presently, numerous agents are proposed to be neuro-
protective against central nervous system (CNS) injury
(for recent reviews, see Mclntosh, 1993; Mattson and
Scheff, 1994; Mocchetti and Wrathall, 1995). Steroids,
neurotrophins, cytokines, and gangliosides have been
demonstrated to promote neuronal survival or support
neuronal growth in various in vivo systems (Mattson and
Scheff, 1994; Blottner and Baumbarten, 1994; Olson et
al., 1994). Methylprednisolone improves neurological re-
covery when given early after human spinal cord injury
(Bracken et al., 1990). Recently, neurotrophins have also
been used in several disease models: glial cell-derived
neurotrophic (GDNF) in Parkinson’s disease, nerve
growth factor (NFG), and ciliary neurotrophic factor
(CNTF) in Alzheimer’s disease, and insulin-like growth
factor (IGF-1) in multiple sclerosis (Hefti, 1997). The
neurotrophic factor basic fibroblast growth factor (bFGF)
has also been reported to be neuroprotective in models
of cerebral ischemia and traumatic brain injury (Koketsu
et al., 1994; Fisher et al., 1995; Dietrich et al., 1996; Ay
and Finklestein, 1998) and to protect neurons from axo-
tomy-induced death (Peterson et al., 1996). In a model
of spinal cord compression, bFGF administered locally
at the site of lesion was reported to improve hindlimb
function in combination with methylprednisolone infu-
sion (Baffour et al., 1995). Recently Teng et al. (1997)
reported basic and acidic fibroblast growth factor (FGF)
to be neuroprotective for cholinergic neurons following
confusion injury in the rat.

Interleukin 4 (IL-4) has been shown to be an anti-in-
flammatory cytokine, regulating neutrophil and mono-
cyte/macrophage functions (Luering et al., 1997; Niiro et
al., 1997). Although the clinical significance has not been
established, increased levels of IL-6 have been reported
in the cerebrospinal fluid of head injury patients (Relton
et al., 1997). IL-1, a pro-inflammatory cytokine, was
found to exacerbate ischemic brain injury (Relton et al.,
1997). In the study of spinal cord trauma, experimental
studies are needed to assess the consequences of neu-
rotrophic growth factor and cytokine treatment on
histopathological outcome.

The purpose of the present study was to determine the
effects of various cytokines and neurotrophic factors on
histopathological outcome using a well characterized
weight-drop device to produce spinal cord trauma. In this
preliminary examination of different agents we utilized

a continuous intramedullary infusion system to reliably
deliver various factors directly into the site of injury. Our
results indicate that the intramedullary infusion of bFGF
initiated one hour after moderate SCI significantly re-
duces two measures of tissue damage, including the zone
of partial preservation and the total zone of injury.

MATERIALS AND METHODS

Model of Injury

Adult female Sprague Dawley rats weighing 250-325
g were used in this study. All procedures were approved
by the University of Miami Animal Care and Use Com-
mittee. Inhalational anesthesia was provided with a bal-
anced halothane, NO, and O, mixture. Local anesthetic
of 0.25% lidocaine with 1:400,000 epinephrine was used
to infiltrate the skin and paraspinous muscles. A single
dose of intramuscular antibiotic (50 mg/kg of cefozalin)
was administered at the beginning of the procedure.
Aseptic techniques were employed to perform a one level
complete laminectomy with bilateral medial facetectomy
at the lower thoracic (T10) level of the cord. A 10-g
weight drop utilizing the NYU impactor from 12.5 mm
was performed while monitoring start time, height, and
velocity curves. Weight drops with less than 5% height
and velocity errors, as well as resultant bilateral cord
hematoma and immediate postoperative paraplegia were
used as inclusion criteria. Rectal temperature was moni-
tored and isothermic blankets utilized to maintain core
temperature at 37°C during the surgical procedure.

Cytokines/Growth Factors

All drugs were purchased from Genzyme Corporation
(Cambridge, MA), including IL-1, IL-4, IL-6, bFGF,
NGF, and CNTF. Solvents and dilution factors used to
prepare each drug for infusion are listed in Table 1. Two
assumptions were made in the calculation of infused drug
concentration to ensure adequate drug delivery to the dif-
ferent zones of injury: (1) the cord is approximately a
cylinder (V = «rr?h) with an average cord diameter of 0.4
cm at the T10 level; and (2) there is a 1:10 dilutional ef-
fect by cerebrospinal fluid. In preliminary experiments it
was determined with the infusion of 2% Evans Blue for
7 days after weight drop (data not shown) that the lon-
gitudinal lesion length for the injury used in the present
study was 0.8 cm. Based on this determination the total
cord volume to be infused was approximately 0.1 cc?.
The amount of drug calculated for infusion was delivered
every day until sacrifice. A 2-10 times excess (based on
previously tested in vitro concentrations reported by Gen-
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TABLE 1. DOSAGE OF INTERLEUKINS AND GROWTH FACTORS

Factor Vial “Sp activity Solvent Dil [Final] Exc Lit.

IL-1, 25 pg/ml 8 X 10% u/mg PBS + 0.1% BSA 1:100 2 X 10% w/ml 5X 10 U/ml
IL-4 1.5 png/ml 5 X 10% w/mg PBS + 1% BSA No 1.5 X 10* w/ml 2X 200 U/ml
IL-6 5 pug/ml 5 X 10% w/mg PBS + 0.1% BSA 1:20 1.25 X 10° w/ml 6X 500 U/ml
NGF 20 pg/ml 5 X 10° w/mg H,O No 2 X 10* ng/ml 2X 100 ng/ml
CNTF 100 pg/ml 2 X 107 w/mg PBS + 0.1% BSA 1:20 5 X 103 ng/ml 12X 10 ng/ml
bFGF 1 mg/ml N/A 0.1% CHAPS 0.5% BSA 1:500 10* ng/ml 2X 20 ng/mt

The recommended in vitro concentrations were published by Genzyme Corporation (Seattle, WA).
IL, interleukin; NGF, nerve growth factor; CNTF, ciliary neurotrophic factor; bFGF, basic fibroblast growth factor.

zyme Corporation) infusion was achieved for each fac-
tor (Table 1). For the purpose of evaluating the vehicle
ffect of different solvents used with each factor, we
choose a solution of saline and 0.1 M PBS with 0.5%
BSA for infusion in vehicle-treated animals. No efforts
were made to evaluate the effects of H,O or 0.1%
CHAPS + 0.5% BSA in control animals.

Drug Delivery

An  osmotically-driven  infusion pump (Alzet
minipump, Alza Pharmaceuticals, Palo Alto, CA) was
used for continuous infusion of drugs. The pump was
connected with PE10/50 tubing to a 30-gauge 3/4-inch
needle to deliver drugs through a small dural and pial
opening at the site of injury. The needle was advanced 2
mm near the midline at the site of contusion. Needle in-
sertion and infusion of drugs were started 1 h postinjury,
and continued at 1 ul/h for 7 days. The Alzet minipump
was pre-primed and loaded with drugs, and filled to 225
wl, including the extra tubing (5 cm). The injection can-
nula was secured to the preserved lamina below the level
of injury, and the pump was secured in a subcutaneous
pocket with sutures.

Assessment of Injury and Protection

Animals were perfused with 10% formalin on day 7
under sodium pentobarbital anesthesia. After fixation,
cords were removed and placed in 10% sucrose for 24 h.
Cords were cut longitudinally (100 wm) on a freezing mi-
crotome and stained with cresyl violet. Two-dimensional
mapping of the injury site was carried out. Area values
were then used to calculate the volume of injury in each
experimental group by numeric integration of sequential
areas. In preliminary experiments designed to evaluate
the reproducibility of the injury protocol, the NYU im-
pactor was shown to produce a reproducible area of spinal
cord contusion at 7 days after injury. The well demar-
cated injury site consisted of an area of central necrosis
(CN) defined as the area of cystic degeneration and com-
plete tissue necrosis (Fig. 1). Surrounding the area of CN
was commonly a zone that appeared partially preserved.
This zone of partial preservation (ZPP) was defined as
the region of vacuolation, selective neuronal injury, and
white matter swelling (Fig. 1). The present three-zone in-
jury model was established to recognize the total impact
of the injury (TZI), the irreversible zone of injury (CN),
and the intermediate injury zone, which could potentially

TZ1

».
>

FIG. 1. Schematic illustration of the spinal cord contusion injury caused by the NYU impactor. TZI, total zone of injury; ZPP,
zone of partial preservation; CN, central necrosis. Central necrosis was defined as the area of cystic degeneration and tissue necro-
sis. The zone of partial preservation was defined as the region of vacuolation, selective neuronal injury, and parenchymal edema,
though the neuropil was intact and was calculated as the difference between TZI and CN.
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be rescued and reduced with treatment (ZPP). In this
study, both the area of central necrosis and total zone of
injury (TZI) were measured by the same independent
blinded reviewer. The zone of partial preservation was
calculated as the difference between TZI and CN (Fig. 1).

Experimental and vehicle-treated groups consisted of
seven to eight rats. In all groups, except the IL-1-treated
animals, no more than one animal died prior to perfusion
in each group. In the IL-1-treated group, five of 12 ani-
mals died prior to perfusion. The cords of seven animals
were processed in each group, and the two animals with
the highest and lowest injury volumes (TZI) were ex-
cluded from analysis. Experimental groups consisting of
five animals were compared with vehicle-treated SCI an-
imals (n = 5). The data were analyzed first with the
Shapiro-Wilk test to confirm the normal distribution of
each data set (Shapiro and Wilk, 1965). The results of
this test dictated the use of parametric statistics, and,
therefore, a one-way analysis of variance (ANOVA) was
used to determine if there were significant differences
among the different experimental groups. To determine
which groups were different, we then performed the least
significant difference procedure of Fisher (Daniel, 1995).
The volume of tissue damage, i.e., TZI and ZPP, are pre-
sented as mean * standard error, and p values of <0.05
were considered significant.

RESULTS

In the vehicle-treated group (n = 5), the mean volume
of TZI was 18.04 + 420 mm® and the mean ZPP was
16.46 = 3.32 mm?. The mean injury volumes of differ-
ent treatment groups are listed in Table 2. Animals re-
ceiving IL-1 were found, on the average, to have larger
TZI and ZPP volumes compared to control animals,
though the difference was not significant (p > 0.05). The
animal survival rate was also lower (7/12) in the IL-
1-treated group. IL-6 did not have any appreciable ef-

fects on any of the injury parameters (Figs. 2 and 3). By
contrast, bFGF was the most effective agent in reducing
both the TZI (p < 0.01, LSD of Fisher), and ZPP (p <
0.01, LSD of Fisher) (Figs. 2 and 3). Overall, bFGF re-
duced TZI by 33% and ZPP by 32% compared to con-
trol animals. The effect on central necrosis was more vari-
able, and not statistically significant (Table 2).

Though not statistically significant, three other drugs
were also found to have effects on the volume of contu-
sion injury. CNTF, NFG, and IL-4 reduced TZI (LSD of
Fisher: CNTF, p = 0.10; NGF, p=0.13; IL4, p=
0.12). CNTF infusion had the highest percentage reduc-
tion (23%) of these three factors on TZI (IL-4, 22%;
NGF, 21%). Of these three factors, IL-4 reduced ZPP by
20% below control level, CNTF (17%). None of the drugs
tested reduced central necrosis to a statistically signifi-
cant level because of variability and the relatively small
volumes of central necrosis, though CNTF, IL-6, and
NGF did show a sizable mean percentage reduction of
over 80% (Table 2). Because of the small sample size
and variability in the model, it is also possible that these
agents are not effective.

In an effort to evaluate the potential therapeutic win-
dow of drug infusion, bFGF as the most effective treat-
ment was selected for delivery 3 h postinjury. The com-
parison of this treatment with vehicle infusion showed no
significant reduction in either TZI or ZPP (Fig. 4; p >
0.05, LSD of Fisher).

DISCUSSION

The CNS response to injury uniquely involves the in-
teractions between multiple cell types and injury
processes (Hefti, 1997; Hirschberg et al., 1994; Relton et
al., 1997). Cytokines and neurotrophic factors have been
reported to promote neural growth and protect against is-
chemic, traumatic, and chemically induced neuronal
damage. These intercellular factors act primarily in a

TaBLE 2. EFrecT 0F CYTOKINES AND GROWTH FacTORS ON SPINAL CORD CONTUSION INJURY

No. of rats
survived

No. of rats for
analysis

Drug Total no.
infusion of rats

Zone of partial
preservation

Central
necrosis

Total zone
of injury

Control

IL-6 1
IL-1

IL-4

bFGF

NGF

CNTF

NN N N NN

B I B B B e

L L hh i D

18.04 = 4.20 mm?
18.03 * 2.66 mm?
21.43 *+ 6.46 mm?
14.07 * 2.03 mm3
12.05 = 3.08 mm?
14.20 + 4.60 mm3
13.86 = 2.45 mm?

1.57 + 2.08 mm?
0.42 * 0.37 mm?3
1.01 = 1.93 mm?
0.89 + 1.08 mm?
1.09 = 0.58 mm?>
0.89 + 1.45 mm3
0.22 * 0.28 mm?>

16.46 + 3.32 mm?
17.61 *= 2.86 mm?
20.42 *+ 6.67 mm?
13.18 * 3.04 mm3
11.17 = 2.70 mm?
13.23 * 3.72 mm3
13.64 = 2.22 mm?

ZPP was calculated as TZI — CN.
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FIG. 2. Effects of drug infusion commencing 1 h postinjury and continuing for 7 days on the mean volume for the total zone
of injury (TZI). Compared to infusion of vehicle (control), IL-1 was found to have a detrimental effect, IL-6 no effect, while
bFGF significantly reduced the TZI. Although the effects of CNTF, NGF, and IL-4 were not significant, they did produce a re-

duction in the volume of TZI. **p < 0.01.

paracrine fashion, with glial and inflammatory cells pro-
ducing and secreting them locally (Maeda, 1994). The
posttraumatic breakdown of the blood-brain-barrier
(BBB) also permits the extravasation of blood-borne fac-
tors and cellular elements that would be expected to pro-
mote inflammatory processes. Thus, two primary factors
may potentially act against each other following the ini-
tial damage of the central nervous system: (a) inflam-
matory factors that exacerbate damage and (b) the cy-
tokines/neurotrophic factors that promote neuronal
regeneration and recovery (Giulian et al., 1988). Certain
cytokines may cause further tissue damage by the in-
duction of a surface mitogen mediated immune response,
as well as by direct cytotoxicity (Birdsall, 1991). It must
be stressed that following injury to the brain or spinal
cord, multiple factors affect the cellular response to in-
jury, leading to complex interactions that may affect out-
come. Thus, although the use of in vitro purified cellu-
lar systems are a powerful approach in which to
investigate the cellular response to injury, experimental
models of CNS injury are necessary to determine the po-
tential use of these agents in a clinical setting.

The weight drop system, utilizing the NYU impactor,
provides a well characterized model for spinal cord in-
jury. Most spinal cord injuries are blunt in nature, caus-

ing parenchymal contusions, hematoma, and edema. In
the present study, evidence of a well-defined contusion
was seen at seven days after injury. The injury volumes
used in the present study consisted of the TZI, ZPP, and
CN. This designation distinguishes between the areas of
partial injury, which could be potentially reduced, and
the zone of total destruction caused by the initial impact.
Furthermore, this method of analysis allows for the test-
ing of different therapeutic strategies against different ar-
eas of injury using the technique of quantitative image
analysis.

Although the utilization of an injection needle in the
present study to deliver putative therapeutic agents was
invasive, this method assured the direct delivery of the
various factors to the injury site. Based on previous data
from brain injury studies (Fisher et al., 1995; Dietrich et
al., 1997), intravenous infusions may also be considered
as a method of drug delivery in the future. Potential prob-
lems including systemic side effects or unpredictable
rates of drug delivery to the injury site may limit this
method of drug delivery. However, systemic infusion is
certainly the easiest in terms of clinical application, and
has been used with bFGF in a clinical trial for acute stroke -
(S.P. Finklestein, personal communication, 1998). In-
trathecal infusion remains another possibility, although

351




LEE ET AL.

SRR LTI
s
s

25.00

22.50 |

20.00 -

gww) JNNTOA

NGF iL-4 bFGF

CNTF

ing for 7 days on the mean volume for the zone of par-

inu

ury and cont

stinj

1 hpo

sion commencing

Effects of drug infu

FIG. 3.

cantly reduced the ZPP. Although the effects of

i

fi
in the volume of ZPP. **p < 0.01.

igni

f vehicle (control), bFGF s

tial preservation (ZPP). Compared to infusion o

on

cant, they did produce a reduct

ignifi

CNTF, NGF, and IL-4 were not s

QERKRE

oS

20

25.00 4

10.00 |

bFGF

control

icant difference was observed

bFGF on either the total zone of injury (TZI) or zone of partial preser-

igni

ing for 7 days. No s

mnu

ing 3 h postinjury and cont

Effects of bFGF infusion commencing

FIG. 4.

iving

between animals infused with vehicle and those rece

vation

(ZPP).

352




NEUROPROTECTION FOLLOWING SPINAL CONTUSION

site-directed drug delivery is not achieved with this ap-
proach.

Both IL-1 and TNF are primarily the products of mono-
cyte/macrophage/microglia lineage of cells. IL-1 stimu-
lates monocytes and macrophages in an autocrine and
paracrine fashion. T and B cell activation is another func-
tion of IL.-1. IL-1 and its receptors have been widely char-
acterized and mapped in the brain (Yabuuchi et al., 1994),
and appear to play a significant role in thermoregulation.
IL-1 may also regulate neuron-glial, and glial-glial in-
teractions (Hannum et al., 1991). Significant elevations
in IL-1 have been demonstrated after experimental is-
chemia and trauma investigations and following clinical
head injury (Relton et al., 1997). In addition, some ben-
efits were reported after brain injury with administration
of the recombinant IL-1 receptor antagonists (Hannum et
al., 1990; Relton et al., 1997). IL-1 has been reported to
induce intercellular adhesion molecule-1 (ICAM-1) ex-
pression and neutrophil-mediated immune responses
(Birdsall, 1991). Although there was a trend toward in-
creased lesion volume in IL-1-treated rats versus vehi-
cle, there was no statistically significant difference be-
tween groups. The administration of neutral antibodies
directed against IL-1 or corresponding receptors may still
prove beneficial in the treatment of acute SCI.

IL-3 and IL-4 are T-lymphocyte derivatives and pri-
marily activate B cells (Lee et al., 1993). Both cytokines
have been reported to stimulate peripheral monocyte and
microglia growth, and activate ICAM-1 and lymphocyte
function associated antigen (LFA-1) on microglial sur-
faces (Lee et al., 1993b). Possible surface mitogen-me-
diated cellular and humoral immunity may ensue. IL-4
has been observed to downregulate monocytes and neu-
trophils (Lugering et al., 1997; Niiro et al., 1997). Their
direct effects on neurons have not been fully character-
ized. In the present study, IL-4 reduced TZI by 22% and
ZPP by 20%, though the reduction was not statistically
significant possibly due to the small sample size. Con-
sidering the neuroprotective effects of the potent anti-in-
flammatory agent IL-10 (J.R. Bethea et al., unpublished
observations, 1998; K.L. Brewer et al., unpublished ob-
servations, 1998), the anti-inflammatory effects of 1L-4
may have accounted for some of the reduction of injury
volumes in the present study (Figs. 2 and 3).

IL-6 is produced by monocytes, macrophages, fibro-
blasts, activated T and B cells, and astrocytes in vitro
(Lee et al., 1993b). The target cells include pleuri-po-
tential progenitor, B cells, and cytotoxic T cells. IL-6 has
been reported to sustain both astrocyte and neuron sur-
vival in vitro (Kushima and Hatanaka, 1992; Maeda et

FIG. 5. Sections taken through the epicenter of the weight drop injury after infusion of vehicle (A,B) or bFGF (C,D). Note the
large area of damaged gray and white matter in the vehicle-treated cord. By contrast, the area of gray matter damage in the bFGF
cord is smaller and there is increased preservation of white matter. The area of total injury (white and gray matter) is outlined
with arrows in (A) and (C). Bar = 915 um (A,C) and 355 pm (B,D).
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al., 1994) and appears to interact with a subunit of the
CNTF receptor (Saad, 1991). Generally considered to be
pro-inflammatory, IL-6 has been reported to promote the
survival of acetylcholinesterase (AChE) positive neurons
in embryonic rat spinal cord cultures (Kushima and
Hatanaka, 1992) and enhance neuronal survival from hy-
poxia/reoxygenation injury (Maeda et al, 1994). In-
creased cerebrospinal cord levels of IL-6 have been ob-
served in both adult and pediatric head injured patients
(Bell et al., 1997; Relton et al., 1997). Ras-GTP complex
accumulation in pheochromocytoma cell lines was in-
duced by IL-6 as well (Nakafuku et al., 1992). IL-6 was
shown in the present study not to be neuroprotective af-
ter contusion injury.

Both neurotrophins NGF (Blottner and Baumbarten,
1994; Holtzman et al., 1996; Oudega and Hagg, 1996;
Saad et al., 1991; Sariola et al., 1994) and CNTF (Blott-
ner and Baumbarten, 1994; Hefti, 1997) trigger neuronal
regeneration and induce neuronal differentiation. NGF
protects against ischemic brain injury in vitro (Holtzman
et al., 1996). Its protective action for cholinergic neurons
has also been demonstrated (Quirion et al., 1991). The
CNTF, receptor is homologous to the IL-6 receptor (Sar-
iola et al., 1994) in that similar dimerization mechanism
of their receptors have been reported. Both have been uti-
lized for the experimental treatment of neurodegenera-
tive disease with variable results (Blottner and Baum-
barten, 1994; Hefti, 1997). Trends toward reduction in
TZI and ZPP were observed for CNTF- and NGF-treated
versus vehicle. The difference was not statistically sig-
nificant possibly due to the small sample size.

FGF stimulates neuronal proliferation and sustains sur-
vival (Hefti, 1997; Murphy et al., 1994; Olson, 1994),
but apparently inhibits differentiation (Murphy et al.,
1994). FGF also activates rat pheochromocytoma PC12
cells (Nakafuku et al., 1992), and has been reported to
enhance the growth of fetal cerebral cortex, hippocam-
pus, and spinal cord neurons (Olson et al., 1994). FGF is
a powerful stimulator of angiogenesis, and promotes
wound healing. Recently, Cheng et al. (1996) success-
fully utilized acidic FGF (aFGF, FGF-1) as part of the
growth medium for nerve grafts after rat thoracic spinal
cord transection. Basic FGF or FGF-2 has been reported
to be neuroprotective following experimental focal isch-
emia and traumatic brain injury (Fisher et al., 1995; Di-
etrich et al., 1996; Ay and Finklestein, 1998). In recent
studies, bFGF together with methylprednisolone treat-
ment was also found to improve behavioral recovery af-
ter spinal cord compression (Baffour et al., 1995) and
both bFGF and aFGF protect cholinergic neurons fol-
lowing contusion SCI (Teng et al., 1997). bFGF stimu-
lates astrocyte proliferation, and may mediate glial and
neuronal interactions important to cell survival (Giulian,

1988). In the present study, bFGF was found to signifi-
cantly reduce both the total zone of injury and the zone
of partial preservation (Fig. 5). Based on these and pre-
vious findings, we conclude that bFGF is an important
candidate for future investigations directed towards es-
tablishing a therapy for acute SCL

Future studies that should be considered in developing
a therapeutic strategy for SCI include combining various
factors such as bFGF, IL-4, and CNTF with other treat-
ment modalities. For example, Balfour et al. (1995) have
reported a synergistic effect of bFGF and methylpred-
nisolone on neurological function after experimental SCI,
and the recent success of moderate hypothermia in the
clinical treatment of traumatic brain injury (Marion et al.,
1997) and in experimental studies (Martinez-Arizala and
Green, 1992; Dietrich et al., 1994; Jiminez et al., 1997)
suggests the combined use of mild hypothermia with in-
fusion of bFGF. In the present study, bFGF delivered
3 h after injury did not exhibit neuroprotection, but fur-
ther experiments to better delineate the therapeutic win-
dow for bFGF treatment need to be performed. Finally,
preliminary experiments with intravenous bFGF infusion
following contusion SCI have shown favorable results
(W.D. Dietrich et al., unpublished observations, 1998),
and this route of administration needs further investiga-
tion in studies with long-term survivals and behavioral
testing to fully evaluate the benefits of this treatment par-
adigm. Based on the results of the present study com-
bined with other clinical and preclinical data, it is pro-
posed that the use of nerve growth factors, together with
anti-inflammatory cytokines should be considered for fu-
ture application in the treatment of acute SCL
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ABSTRACT

OBJECTIVE: Posttraumatic hyperthermia has been shown to worsen neurological
outcome in models of brain injury. The purpose of the present study was to examine the
effects of systemic hyperthermia on locomotor and morphological outcome measures
following traumatic spinal cord injury (SCI) in the rat.

METHODS: Spinal cord contusions (NYU Aimpactor, 12.5 mm, T-10) Wére produced in
adult rats divided into three groups. Group 1 (n=9) underwent whole body hyperthermia
(rectal temperature: 39.5°C) 30 minutes post-injury for 4 hours. Group 2 (n=8) underwent
normothermia (rectal temperature: 37°C) 30 minutes post injury for 4 hours; and Group 3
underwent traumatic SCI with no post-injury thermal treatment (n=10). Twice weekly
assessments of locomotor function were made over a 6-week survival period using the
Basso-Beattie-Breshnahan (BBB) locomotor rating scale. Forty-four days after injury,
animals were perfused and their spinal cords serially sectioned. Sections were stained
with hematoxilin, eosin, and luxol fast blue for histopathological analysis. The percentage
of tissue damage was quantitatively determined using computer aided image analysis.
RESULTS: The results showed that four hours of post-injury hyperthermia significantly
worsened locomotor outcome (final BBB scores: 9.7+0.3, Group 1 vs 10.8+0.4, Group 2,
vs. 11.3£0.3, Group 3) and led to an increase in the percentage of tissue damage
(32.943.2% (Group 1) versus 22.3+£2.8% (Group 3).

CONCLUSION: These data suggest that complications of SCI, e.g. fever, infection,
leading to an elevation of systemic temperature may add to the severity of secondary
injury associated with traumatic spinal cord injury and significantly affect neurological

outcome.

Key Words: Secondary injury, Hyperthermia, Locomotor function, Neuroprotection
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Postischemic and posttraumatic hyperthermia has been shown to worsen outcome

in both experimental models (5, 8, 13, 16-18, 22, 41, 43) and in patients with brain injury
(4, 22,25, 28, 44, 49). These observatione have led to concerns over the histopathological
and functional impact of modest to severe hyperthermia in patients with spinal injury.
Clinical retrospective analysis has demonstrated that fever is a common complication in
patients with spinal cord injury (SCI) and many of thvese patients develop more then one
infection (e.g. respiratory, urinary tract) accounting for systemic elevations in
temperature. On the other hand, some patients experience elevated core temperature
secondary to injury-induced thermoregulatory problems, deep venous thrombosis, or
fever of unknown etiology (52, 7, 42).

Whether fever or hyperthermia is directly associated with Worsening of
neurological outcome following traumatic SCI has yet to be determined or systematically
studied in either the experimental or clinical setting. It is known that ischemic and
traumatic brain and spinal cord injury are sensitive to temperature and that small changes
in temperature can critically influence morphology and functional outcome measures (8,
17, 18, 19, 14, 60). For example, mild to moderate hypothermia (under 34°C) alleviates
(9, 14, 34, 35), but hyperthermia (over 39°C) exacerbates (16-18, 41, 13, 43, 5, 31, 8)
ischemia- and trauma-induced brain injury. Hypothermia also has a beneficial effect on
injury-induced breakdowns of the blood-brain-barrier, release of glutamate, formation of
free radicals, release of cytokines, and the inflammatory response to injury (for review
see ref. 20). Recent studies have also shown that modest systemic hypothermia
significantly improves locomotor function and reduces tissue damage following traumatic
or ischemic SCI (60, 36). The purpose of the present study was to examine the effects of

systemic hyperthermia on locomotor and morphological outcome measures in a clinically

relevant model of traumatic SCI in rats.
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MATERIALS AND METHODS
Experimental procedures were approved and carried out in accordance with the

Guidelines of the Animal Care and Use Committee of the University of Miami.

Surgical Preparation

Twenty-seven female Sprague-Dawley rats weighing 225-275g were used in this
study. Anesthesia was induced initially with 4% halothane, 70% nitrous oxide, and a
balance of oxygen and continued with halothane (0.5% for trauma, and maintenance).
The antibiotic Crystiben (0.01ml/100gms) was administered intramuscularly to prevent
jatragenic infection. A flexible thermistor was inserted in the rectum to monitor systemic
temperature. Pre-SCI, all animals were maintained at a systemic temperature of 37°C
(rectal) using a feedback controlled heating blanket. Post-SCI animals were housed
individually in céges containing soft bedding. Animals were treated with Crystiben i.m.
every other day for 7 days. Water bottles with extended tubes allowed access to water.
Food was placed inside the cage until rats were capable of reaching the standard
placement at the top ‘of the cage. Animals were checked daily and bladders were palpated

at least twice daily and emptied as required until they regained reflex voiding (60).

Contusion spinal cord injury: Traumatic spinal injury was produced as previously
described (60). Briefly, following a T-10 laminectomy animals were positioned in the
weight-drop apparatus (NYU Impactor). Two spinal clamps were attached to T8/T9 and
T11/T12 spinal processes, respectively. A transducer was placed at the site of the muscle
near the spinal column, and the impactor rod (10g) centered above spinal segment T-10.

The rod was slowly lowered until it contacted the dura, which was determined by
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completion of a circuit that resulted in an audible tone. The cord was then contused with

the NYU weight-drop device that released a 10g rod from a height of 12.5mm onto the
exposed cord. Impact analysis, including degree of cord compression, velocity, time, and
height of weight drop, were recorded by a preset NYU impactor software package (26).
After trauma, rats were assigned to one of three groups: Group 1 (hyperthermia), Group 2

(normothermia), and Group 3 (weight drop only).

Hyperthermia and Normothermia Protocol

Systemic temperature was regulated by placing animals in a plexiglass chamber
equipped with a heating lamp, humidifier, and oxygen supply. The heating lamp was
controlled by a servo-regulated temperature controller to maintain the target systemic
temperature (rectum) of each animal. Beginning 30 minutes post-trauma, rats were
allowed to awaken and were placed into the plexiglass chamber and a flexible thermistor
was inserted in the rectum for temperature monitoring. Animals in each group were kept
in the chamber for 4 hours. During and after treatment, rats were administered
subcutaneously 10ml of isotonic saline to avoid dehydration. Group 1 animals (n=9)
underwent mild hyperthermia (rectal temperature: 39.5°C) starting 30 minutes post-injury
for 4 hours. Group 2 animals (n=8) were maintained at a normal rectal terﬁperature
(37°C) beginning 30 minutes post-injury for 4 hours (normothermic group). A second
control group (Group 3) underwent injury alone (weight-drop only) with no efforts to

regulate temperature during the post-injury survival period (n=10).

Behavioral assessment:
Open-field locomotor function was evaluated using the Basso-Beattie-Breshnahan

(BBB) locomotor rating scale (6), a multiple function test of locomotor function which
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provides an efficient and unambiguous locomotor rating. Briefly, non-injured rats were

exposed daily for one week to the behavioral testing environment in order to acclimate to
open-field exploration. Each rat was tested for 4 minutes with two examiners observing
both fore- and hind-limb movements. Postoperative open-field testing for all animals
occurred twice a week from Day 2 post-injury to Day 44 post-injury (60). Both

examiners were blinded to the type of treatment received by each animal.

Histopathological assessment:

Forty-four days post-SCI, rats were deeply anesthetized with sodium
pentobarbital and perfl‘lsed transcardially with isotonic saline for 5 min, followed by a
mixture of 4% formaldehyde, glacial acetic acid and methanol (FAM) 1:1:8 by volume
for 30 minutes. Following perfusion, the vertebral column with the cord were immersed
in FAM at 4°C for 24h. Spinal cords were then removed and embedded in paraffin.
Blocks containing the contusion epicenter as well as non-injured tissue at both ends of
each cord were analyzed. Serial cross-sections (10pm) were taken from each block of
cords taken from animals in Groups 1 and 3 and stained with hematoxylin, eosin and
luxo! fast blue for histopathological analysis. Tissue from animals in Group 2 was cut
longitudinally and stained as described above. For quantitative analysis of tissue damage
a total of 20 sections sampled rostrally and caudally from the injury epicenter were
examined (Groups 1 and 3) with light microscopy by investigators blinded to the
experimental treatment. Reconstructions of the cross-sectional area of tissue damage was
made with the aid of an overhead projector (60). The area of injury was easily identified
by the presence of reactive astrocytes, microglial, and macrophages. At the site of injury
there was also infiltration of inflammatory cell types (neutrophils, leucocytes) (60). The
percentage of damaged tissue area in each section was quantitatively determined using
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computer aided image analysis (Meta-Morph Imaging System, Universal Imaging

Corporation).

Statistical analysis:

All data are expressed as a mean = S.EM. and analyzed using a commercially
évailable computer program (StatView). For each rat, BBE scores from each hind limﬁ
were averaged together to yield one score per test session. BBB scores and mean
percentage of damaged tissue area were compared between the hyperthermia and control
animals at each time point using the Student t-test. Differences were considered

statistically significant at p<0.05.

RUSULTS

Injury parameters of the NYU weight-drop device used to produce contusion
injury are shown in Table 1. No significant differences in velocity, compression, height
and time were found between control (normothermia and injury alone) and hyperthermia-
treated groups, indicating similar injuries to all animals. Since there was no significant
differences in outcome measures between animals in the normothermia and weight-drop
only groups, data from these two groups related to BBB scores and contusion parameters

were combined and will be collectively referred to as the “control group™.

Behavioral Assessment

Results of the BBB locomotor assessment are shown in Figure 1 and Table 2.
Immediately after SCI, all animals showed bilateral hindlimb paralysis, as previously
documented -ilsing the NYU impactor (6, 60). Both control animals and animals
undergoing hyperthermia had little or no hindlimb movements 5 days post-trauma and
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then demonstrated a gradual recovery over the next two weeks. By 3 weeks post-trauma,

most control (i.e., normothermia and injury alone) animals were consistently exhibiting
stepping behavior. Hyperthermia-treated animals achieved only modest improvements
demonstrating plantar placement of paws, consistent weight supported dorsal stepping, or
occasional weight supported plantar steps. Twenty-three days after injury, ratings of
locomotor. performance in animals uﬁdergoing hyperthermia weré significantly below
that of control animals (p=0.015). This trend continued throughout the duration of the
evaluation period (Fig. 1). On day 44 after injury, the final mean BBB score for
_hyperthermia treated animals was significantly lower than that of control animals

(9.720.3 versus 11.1+0.2 for the control group, p=0.0028; Table 2).

Histopathological Assessment

The results of the histopathological outcome assessment are shown in Figures 2-3.
Hematoxylin, eosin and luxol fast blue-stained sections showed that there was significant
tissue loss at 44 days after SCI in both control and hyperthermia groups of animals (Fig.
3A,B). For quantitative analysis the amount of cross-sectional damage in cords from
animals in Groups 1 and 3 were determined. A comparison was made between these two
data sets. Since tissue from Group 3 animals was cut longitudinally it was not possible to
include these data in the comparison. As there was no statistical difference in BBB scores
between animals in the normothermia (Group 2) and weight-drop only (Group 3)- groups
it was assumed that there was a comparable degree of tissue damage in these two groups.
Following hyperthermia the percentage of damaged tissue was significantly higher than
that in control rats at 44 days post-injury (p=0.025, Fig. 2). There was a 47.5% difference

in contusion volume between the hyperthermic and weight-drop only animals.
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Representative examples of sections taken from animals in the weight-drop only versus

hyperthermic groups are shown in Figure 3A and 3B respectively.

bISCUSSION

In the present study, using a standardized and clinically relev;cmt model of spinal
cord injury (6, 46, 60), the elevation of systerrﬁc temperature to 39.5°C 30 ﬁlinutes post-
trauma for 4 hours resulted in a difference (compared to control animals) in locomotor
outcome scores from 2 weeks to 6 weeks after injury. Additionally, on day 44 after injury
systemic hyperthermia produced a 47% increase in the area of spinal cord tissue damage
compared to weight-drop only animals. These results demonstrate that systemic
hyperthermia significantly worsens locomotor outcome and histopathology following
traumatic SCI in rats. To our knowledge, this is the first evidence documenting the
detrimental effects of secondary hyperthermia on these outcome measures following
traumatic SCI.

The pathological sequelae associated with traumatic SCI includes the primary
injury and a progressive secondary injury cascade that begins with the elevation of
excitatory amino acids (38). Importantly, the N-methyl-D-aspartate receptor (NMDAR),
nitric oxide (NO), free radicals, and inflammatory responses are known to play important
roles in the progression of secondary injury initiated by brain and spinal cord injury (21,
55, 1, 29, 23, 30, 32, 27, 11, 12). The pathologic mechanism(s) responsible for
deterioratation of tissue during and following hyperthermia are not known. Recent
studies, however, have demonstrated that brain temperature is a crucial factor in the
development of secondary events and neuronal damage following ischemic and traumatic
brain injury. For example, release of glutamate (39, 24), lipid peroxi‘dation (56),

activation of NOS (3, 48, 33), formation of free radicals (23, 30, 33) and inflammatory
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responses (11,12, 58, 54) in ischemic and traumatic brain injury are temperature-

dependent processes, which are accentuated by hyperthermia (30, 11, 50, 53, 24, 10, 3)
and diminished by hypothermia (9, 11, 12, 23, 48). Clinically, Reith et al. (45) in a
prospective study reported that each 1°C increase in body temperature increased the
relative risk factor for poor outcome by 2.2 in 390 stroke patients.

Mild hypothermié (32°C) alleviates ischemia-'and trauma-induced brain damage;
an effect exacerbated by hyperthermia (9, 14, 34, 35, 17, 18, 41, 13, 16, 43, 5, 8). Similar
observations regarding the beneficial effects of hypothermia on secondary damage
following traumatic or ischemic SCI have been made in recent studies (60, 36). These
studies indicate that secondary damage following traumatic SCI can be altered by
temperature manipulations and are therefore relevant to the potential mechanism
responsible for the detrimental effects of hyperthermia.. At this time we can only
speculate about the role of hyperthermia in these processes following SCI, and additional
studies will be needed to determine the precise effects of hyperthermia on different
components of the secondary injury cascade (22).

Recently, a clinical retrospective analysis demonstrated that fever, infection, or
both occurred at some time during hospitalization in 45-67% of patients with SCI (7, 52,
42). In 77% of the cases only one cause was identified, and in 8% no cause could be
defined. The most common causes of fever were urinary tract infection (44%) and soft
tissue infection (11%) with respiratory infections accounting for another 5-20% of
elevated systemic temperatures. Some patients have other causes including
thermoregulatory dysfunction, deep venous thrombosis, or elevated temperatures of
unknown etiology. The results of these studies demonstrate the high incidence of fever in
patients with “SCI. Recently, Schwartz et al., (49) reported that fever occurred in 91% of

patients with intracerebral hemorrhage at least once during the first 72 hours after
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hospitalization. Although not as dramatic the incidence of fever in patients with

subarachnoid hemorrhage and closed head injury is also high (45, 2, 47). It is therefore
possible that fever may represent a natural consequence of CNS insult (perhaps
secondary to systemic inflammation). Additional studies will be needed to determine the
precise mechanism of this response. Although there have been no systematic clinical
stu&ies related to the neurol'ogical effects of fever foilowing SCI, the present
experimental data provides the first evidence that mild hyperthermia worsens functional
outcome and exacerbates tissue damage following traumatic SCL Thus, fever may
worsen locomotor outcome and histopathology of spinal cord injury, and therefore .
aggressive steps should be taken to prevént the onset of fever and immediate steps should

be taken to combat it during the period immediately after injury.
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FIGURE LEGENDS

FIGURE 1: Time course of locomotor recovery as measured by Basso-Beattie-
Breshnahan (BBB) locomotor scores in hyperthermic and control animals. The mean
BBB scores of animals receiving hyperthermia 30 min after trauma for 4 hours are
repfesented by the filled circles and control (normothermia and weight-drop only)

animals are represented by triangles. Data are represented as mean + SEM. *p<0.05,

##p<0.01 and ***p<0.001.



Yuetal.
FIGURE 2: Comparison of areas of spinal cord damage following hyperthermic

treatment or weight-drop only. Sections were stained with hematoxylin and eosin and
luxol fast blue for histopathological analysis. The percentage of damaged tissue area was
quantitatively determined using computer aided image analysis. Hyperthermia-treated
animals (right bar) received whole body hyperthermla beginning 30 min after trauma for

4 hours. Control ammals (left bar) received traumatic injury only. Data are represented as

mean + SEM. Compared with control, *p<0.05.

FIGURE 3: Photomicrographs of histological sections following traumatic spinal cord -
injury. (A) Section taken from an animal undergoing weight-drop only. (B) Section taken
from an animal undergoing systemic hyperthermia starting 30 min after injury for 4
hours. Note increased area of tissue damage (B) in the central core of the section and the
increase in number of white matter vaculozations following hyperthermia. The area of
injury was easily identified by the presence of reactive astrocytes, microglial, infiltration

of inflammatory cell types (neutrophils, leucocytes) and by the presence of macrophages.

Scale bar in (A) equals 200um.
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Table 1.  Contusion Parameters (n=26)

Control Hyperthermia p’
Compression 1.6940.05 1.74+0.07 NS
Height (mm) 12.3+0.08 12.4+0.11 NS
Velocity (m/sec)  0.49+0.002 = 0.49+0.003 NS
Time (msec) 46.7+0.88 47.7£1.24 NS

 Values are means = S.E.M.
2 Student t test
NS: Non-significant



Table 2.

Mean BBB Scores

Days Post-Trauma

Hyperthermia (n=9) Control (n=18)

2
5
9

12

16

19

23

26

30

33

37

40

44

0.00+0.00
3.06+0.92
8.79+0.37
9.60+0.31
9.66+0.30
9.79+0.41
10.19+0.40
9.96+0.32
9.99+0.31
9.840.33
9.84+0.35
10.02+0.30
9.69+0.32

0.03+0.03
2.31£0.60
6.86+0.64
8.72+0.56
10.44+0.26
10.43+0.27
11.09+0.14
10.96+0.16
11.21+0.17
11.18+0.22
11.18+0.21
11.04+0.27
11.06+0.24




FIGURE 1
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